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The future lighting devices should present high efficiency, excellent air-stability under 
storage/operation conditions, and low-cost fabrication and recycling. A leading example is light-
emitting electrochemical cell (LECs) technology. This consists of two air-stable electrodes 
sandwiching a thin film of an electroluminescent material blended with an ionic electrolyte.  
Among the device components, the electroluminescent material is the cornerstone of LECs as it 
rules both, device performance and sustainable aspects. In this context, this thesis focused on the 
study, implementation, and characterization of new sustainable emitters, that is, d10 ionic transition 
metal complexes (d10-iTMCs, Cu- or Ag-based) and small organic molecules (SMs). 
Prior to the start of this PhD thesis, both families of emitters presented several limitations, namely 
i) low device performance with respect to efficiency and stability for yellow and green emitting 
devices, ii) lack of stable blue emitters, and iii) the lack of an efficient and stable white LEC. The 
main goal of this thesis is to overcome all these issues towards highly efficient LECs based on 
sustainable emitters.  
In detail, this thesis is divided in 8 chapters that summarize the prior state of the art in LECs, 
theoretical aspects about emitter design, characterization techniques, device fabrication and 
analysis, our main advances in the field, and a critical conclusion and outlook.  
In the first chapter, a short introduction about LECs and the most common electroluminescent 
materials is provided.  
The second chapter provides a theoretical description of the characterization techniques and the 
measuring protocols. 
The third chapter is focused on the presentation of the work done during the thesis to solve the 
above-presented challenges. In particular, it is divided in two sections: d10-iTMCs and SMsOn one 
hand, we focused on blue-, yellow- and red-emitting Cu-iTMCs, and on green emitting Ag-iTMCs. 
For each family, we rationalized the reasons that led to an early performance loss, which was 
ascribed to either irreversible oxidation (Cu-iTMCs) or irreversible reduction (Ag-iTMCs) 
processes. As such, we modified the device architecture to decouple hole and electron transport. 
Additionally, the most promising red Cu-iTMCs were used to build the first Cu-iTMC-based white 
LEC. 
On the other hand, we explored a new promising family of SMs, that is, nanographenes. In 
particular, we study the electroluminescent behavior of an archetype, a BN-doped and contorted 
nanographenes. These emitters showed outstanding performances compared to the state-of-art of 
SM-based LECs. Additionally, they also presented surprising behaviors that we thoroughly 
rationalized. In detail, the emission features of the archetype nanographene exhibited a strong 
dependence upon increasing pixel temperature. As such, it was employed to shed light for the first 
time on the impact of unavoidable self-heating upon device driving onto its color chromaticity and 
figures-of-merit. The BN-doped nanographene is a blue emitter in thin films that yielded white 




ascribed to electric-field and a temperature induced ternary emission. Finally, the contorted 
nanographene showed an uncommon dependence of the electroluminescence band shape from the 
inner electric-field experienced across device active layer, reaching stabilities of 3600 h at 
efficiencies of 0.74 lm/W. 
All these results are rationalized combining steady-state and time-resolved emission/absorption 
spectroscopy, electrochemical impedance spectroscopy, and microscopic assays applied to thin 
films and devices as well as a myriad of device architectures using different driving conditions – 
i.e. operation modes and ambient conditions. 
The fourth chapter provides information about other works related to this thesis. 
The fifth chapter summarizes the advances in d10-iTMC- and SM-based LECs achieved by other 
research groups during this thesis. This will help the reader to contextualize the results presented 
in this thesis. 




Los futuros dispositivos de iluminación deben cumplir con una alta eficiencia, una excelente 
estabilidad en condiciones ambientales de almacenamiento / operación y una fabricación y 
reciclaje de bajo coste. Un ejemplo destacado es la tecnología de células electroquímicas emisoras 
de luz (LEC de las siglas en inglés light-emitting electrochemical cell). Estos consisten en dos 
electrodos estables al aire entre los que se intercala una película delgada de un material 
electroluminiscente mezclado con un electrolito iónico. Entre los componentes del dispositivo, el 
material electroluminiscente es la piedra angular de los LEC, ya que rige tanto el rendimiento del 
dispositivo como los aspectos de sostenibilidad.  
En este contexto, esta tesis se centró en el estudio, implementación y caracterización de nuevos 
emisores sostenibles, es decir, complejos de metales de transición iónicos d10 como Cu(I) y Ag(I) 
(d10-iTMCs de las siglas en inglés de ionic transition metal complexes) y pequeñas moléculas 
orgánicas (SMs de las siglas en inglés small molecules)Antes del comienzo de esta tesis doctoral, 
ambas familias de emisores presentaban varias limitaciones: i) bajo rendimiento del dispositivo 
con respecto a la eficiencia y la estabilidad de los dispositivos emisores amarillos y verdes, ii) falta 
de emisores azules estables, y iii) falta de LECs blancos eficientes y estables. El objetivo principal 
de esta tesis es abordar estos problemas para fabricar LECs altamente eficientes usando emisores 
sostenibles. 
En detalle, esta tesis se divide en 8 capítulos que resumen el estado del arte en LECs, aspectos 
teóricos sobre diseño de emisores, técnicas de caracterización, fabricación y análisis de 




En el primer capítulo, se proporciona una breve introducción sobre los LECs y los materiales 
electroluminiscentes más comunes. El segundo capítulo proporciona una descripción teórica de 
las técnicas de caracterización y los protocolos de medición. 
El tercer capítulo se centra en la presentación de los resultados científicos. En particular, se divide 
en dos secciones: d10-iTMCs y SMs. Por un lado, nos centramos en los Cu-iTMC emisores azules, 
amarillos y rojos, y en los Ag-iTMCs emisores verdes. Para cada familia, racionalizamos la pérdida 
de estabilidad, que se atribuyó a los procesos de oxidación (Cu-iTMCs) o de reducción (Ag-
iTMCs) irreversibles. Como tal, modificamos la arquitectura del dispositivo para desacoplar el 
transporte de huecos y electrodos de la recombinación. Además, se utilizaron los Cu-iTMC rojos 
más prometedores para construir el primer LEC blanco basado en Cu-iTMCs. 
 
Por otro lado, exploramos una nueva familia prometedora de SMs, es decir, nanographenes. En 
particular, estudiamos el comportamiento electroluminiscente de un miembro arquetipo, un 
nanografeno dopado con BN y otro retorcido. Dispositivos basados en estos emisores mostraron 
un rendimiento sobresaliente en comparación con el estado del arte de los LECs con SMs. Además, 
también presentaron comportamientos electroluminiscentes sorprendentes que racionalizamos 
usando una gran variedad de técnicas espectroscópicas y electroquímicas. En detalle, la emisión 
de dispositivos con el arquetipo de nanografeno exhibieron una fuerte dependencia del color con 
el aumento de la temperatura de los píxeles. Esto se empleó para arrojar luz por primera vez sobre 
el impacto del inevitable autocalentamiento al encender un dispositivo en su cromaticidad y las 
otras figuras de mérito. El nanografeno dopado con BN es un emisor azul en películas delgadas 
que produce LECs de emisión blanca con una alta eficiencia y estabilidad. La razón de este 
comportamiento poco común se atribuyó al campo eléctrico y a una emisión ternaria inducida por 
la temperatura. Finalmente, dispositivos con el nanografeno retorcido mostraron una dependencia 
poco común de la forma de la banda de electroluminiscencia con el campo eléctrico interno 
experimentado a través de la capa activa del dispositivo, alcanzando estabilidades de 3600 h con 
eficiencias de 0.74 lm/W. Todos estos resultados se racionalizaron combinando espectroscopia de 
emisión/absorción en estado estacionario y con resolución temporal, espectroscopia de impedancia 
electroquímica y ensayos microscópicos aplicados a películas y dispositivos delgados, así como 
una gran variedad de arquitecturas y condiciones de encendido, es decir, modos de operación y 
condiciones ambientales. El cuarto capítulo proporciona información sobre otros trabajos 
relacionados con esta tesis. El quinto capítulo resume los avances en LECs basados en d10-iTMCs 
y SMs logrados por otros grupos de investigación durante esta tesis. Esto ayudará al lector a 
contextualizar los resultados presentados en esta tesis. Finalmente, el sexto capítulo discute las 
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1.1 Electroluminescence and solid-state lighting 
Electroluminescence is the emission of light upon application of an electrical current or an electric 
field to a compound. This basic concept led to the well-known solid-state lighting (SSL) 
technologies that are based on thin-film electroluminescent devices involving an inorganic or 
organic semiconductors.1 Upon application of a bias, these compound hold holes and electron 
injection and transport through the bulk of the material, where they recombine forming an exciton 
that relaxes radiatively, yielding a photon in the visible region.2 Through this approach, the primary 
product of these lighting devices is the photon itself. As a result, SSL creates visible light with 
reduced heat generation and increased efficiency (as high as 80%, compared to 10-20% for 
traditional lighting sources, such as incandescent- and discharge-based lamps and compact 
fluorescent tubes).3,4 Thus, SSL represents the present and future of artificial illumination.  
Traditionally, SSL is divided into light-emitting diodes (LEDs), organic light-emitting diodes 
(OLEDs), and light-emitting electrochemical cells (LECs). LEDs are made of a thin-film of 
inorganic semiconductors such as InGaN or GaN, as well as color converting filters. The latter can 
be either inorganic, usually phosphors doped with rare-earth metals like Y or Ce, or organic down-
converters. This last case yields organic/inorganic structures known as hybrid LEDs.5 LEDs have 
shown outstanding luminous efficiency and stability. They are, indeed,  commonly found in TV 
screens, lightbulbs, traffic signaling, decorations, as well as in implantable lighting devices.2,6 
Both OLEDs and LECs are organic based thin-film lighting technologies with active layers of few 
hundred nanometers thickness that employ small molecules, polymers, coordination complexes, 
etc. for carrier injection, carrier transport, and emission. OLEDs are multilayered architectures, in 
which each layer plays a specific function (i.e. electron/hole injection, electron/ hole transport, 
emission); this allows for outstanding color quality, high efficiency and stability.7 However, their 
sensitivity to both oxygen and moisture, as well as the necessity to fabricate them using high 
vacuum deposition techniques, renders them highly expensive. Additionally, blue emitting OLEDs 
are by far less efficient and stable compared to LEDs.8 LECs, by contrast, consist of single- or 
double-layered devices fabricated using solvent-based up-scalable techniques.9,10 Their peculiarity 
is the presence of ions in the layers, which allows for a different working mechanism with 




cost, air stable cathodes, such as Al or Ag, can be employed. Several practical applications of LECs 
have been demonstrated, among which the fabrication of moderate performing devices on 3D 
shaped substrates, such as kitchen forks,13 wearable fibers,14 light-emitting paper,15 etc, stands out.  
Additionally, a record efficacy of 99.2 cd/A has been recently reported.16 For more information, 
Advanced Functional Materials recently celebrated the 25th anniversary of  the LEC technology 
with a special issue dedicated to past and recent achievements as well as the future challenges. 
This thesis is focused on the named 3rd generation LECs, which will be described in details in the 
following sections. 
1.1.1 LEC structure 
LECs contain one active layer sandwiched between two air-stable electrodes ─ Figure 1. Owing 
to the roughness of Indium Tin Oxide (ITO), a layer of poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) is generally coated on top of it to ensure device 
reproducibility. Notably, the metal cathode is air stable Al, Ag, or Au. Finally, the active layer 
consists of a luminescent material, such as a polymer, an iTMC, perovskites, small molecules, etc. 
together with an electrolyte, which can be an ionic liquid such as buthyl methyl imidazolium 
hexafluorophosphate [BMIM][PF6], or a polyelectrolyte matrix based, for instance, on the polymer 
trimethylolpropane ethoxylate (TMPE) and the inorganic salt lithium trifluoromethanesulfonate 
(LiOTf) ─ Figure 1.   iTMCs do not need an electrolyte, as they already feature the necessary ion 
mobility to sustain charge injection and transport. However, an electrolyte can be added to increase 







Figure 1. Schematic structure of a typical LEC (top), and most common additives employed in 
LECs (bottom). 
 
1.1.2 LEC working mechanism 
Various working mechanisms have been proposed for LECs, depending on their device 
composition.19–27 The electrochemical doping model (ECD, Figure 2, top) was firstly proposed by 
Pei et. al.21 According to this model, the injection of holes and electrons leads to the formation of 
oxidized and reduced species at the electrodes. These form highly conductive p-doped and n-doped 
regions, respectively. The doped regions grow over time, creating a p-i-n junction, where i 
represents the undoped region, and is characterized by a sharp drop of the potential, leading to 
charge recombination and light emission.  
The electrodynamical model (ED, Figure 2, center) was first proposed by DeMello et al.23,26 
According to this model, the application of a bias below the energy bandgap (Eg) leads to the 
formation of electronic double layers (EDLs), as a direct consequence of the ionic movements 




which are separated by an undoped region (the so-called field free region). The potential 
significantly drops at the electrodes, allowing for the injection of charge carriers into the active 
layer at voltages above Eg. Recombination and light emission happen in the field free region of the 
device.  
Finally, the preferential electrochemical doping model (pECD, Figure 2, bottom) was firstly 
proposed by Leger et al.28 This model can be described as a modified ECD model, in which only 
one type of doping efficiently occurs at the interfaces (either p-type or n-type), and leads to 
recombination and emission being very close to the interfaces.  
All the three models were corroborated by both numerical models29,30 and experimental 
assays.29–31 As demonstrated by Edman’s group in 2010, the three models are interchangeable, and 
they have different degrees of applicability depending on the ability to form Ohmic injecting 
contacts in the LEC.32,33 In detail, if the LEC is able to efficiently form two Ohmic contacts higher 
than Eg, the ECD will be prevailing. By contrast, when no Ohmic contact is efficiently formed, 
while if carrier injection is the ED model will be dominant. Finally, if only one Ohmic contact is 






Figure 2. Electrochemical (top), electrodynamic (center), and preferential electrochemical 
(bottom) models proposed for the LEC operation. The black line indicates the potential within the 
device, the grey region indicates the EDLs, and the yellow region indicates the recombination 
region. Taken from reference34. 
 
1.2 Overview on the emitters employed in LECs 
Three generations of materials have been under the focus of LECs: while the 1st and the 2nd 
generation focused on conjugated polymers (CPs)35 and Ir(III) ionic transition metal complexes 
(Ir-iTMCs),36 respectively, the 3rd one sees small molecules (SM), d10-iTMCs (Cu-iTMCs and Ag-
iTMCs), quantum dots and perovskites as protagonist.11,35–37  
 
4.2.1 1st generation emitters 
Conjugated polymer-based LECs were firstly reported by Pei’s group in 1995.21 The first LECs 
consisted of a light-emitting CP mixed with an ionic polyelectrolyte (IP). CP representatives are 
polyphenylenes, vinylenes, such as the archetype poly(1,4-phenylene-1,2-ethenediyl) 




presence of delocalized π electrons along the polymer chain. The IP is typically a polyethylene 
oxide (PEO) or trimethylolpropane ethoxylate (TMPE): lithium triflate salt complex. The active 
layer of a CP-LEC is therefore a mixed ionic/electronic conductor.39 
This type of materials has provided interesting results, among which stabilities of more than 1000 
h40 and power efficiencies of 18.1 lm/W stand out.41 Additionally, their easy color tunability 
resulted in single-layer blue, white, and near infrared (NIR) CP-LECs.42–46 However, CPs present 
different bottlenecks, such as photo-oxidation issues35,47, which is particularly severe in high 
energy bandgap CPs, sensitivity to air and moisture, as well as marked roll-off of efficiencies 
owing to increased level of doping that quenches the fluorescence of the polymer.48 
 
Figure 3. Chemical structure of the archetype CP Super Yellow. 
 
1.2.2 2nd generation of emitters 
Luminescent materials based on ionic transition metal complexes (iTMCs) have become the ‘‘go 
to’’ material when designing emitters for SSL applications.4,49,50 Among the iTMCs based-LECs, 
cationic Ir(III) complexes (Ir-iTMCs) cover a leading position owing to their short excited-state 
lifetimes, tuneable color, straight forward synthesis and purification, good solubility and high 
photoluminescence quantum yields (Φ).4,36,51 In recent years, stabilities of > 6000 hours52 and 
efficacies of ~60 cd/A53 have been reported. Figure 4 shows the archetypal Ir-iTMC [4,4′-Bis(1,1-
dimethylethyl)-2,2′-bipyridine-N1,N1′]bis[2-(2-pyridinyl-N)phenyl-C]iridium(III) 
hexafluorophosphate ([Ir(dtbbpy)(ppy)2]PF6). 
Ir-iTMCs are highly stable toward substitution, as the electronic configuration of the metal center 
is always in a low-spin state (t2g 6 eg 0) and the ligand-field stabilization energy is maximized 




allows for almost unitary intersystem crossing efficiency from the lowest singlet to the lowest 
triplet excited states, leading to an efficient spin-forbidden phosphorescence emission. The 
emitting excited state is the lowest-energy triplet (T1), which is normally constituted by “mixed” 
triplet levels that involve contributions of 3MLCT (metal-to-ligand charge transfer), 3LC (ligand 
centered), and sometimes also 3LLCT (ligand-to-ligand charge transfer) states.54  
Overall, these photophysical features renders Ir-iTMCs ideal candidates for LECs application. 
However, they also present major drawbacks. Iridium is one of the least abundant elements in the 
Earth’s crust (0.001 ppm),54 with a price currently around $50,000 per kg.55 Additionally, 
independently of the type of emitter, the best performing LECs are yellow- and orange-emitting 
devices. Indeed, blue-emitting Ir-iTMCs LECs exhibit a low stability caused by a population of 
triplet metal centered (MC) degradative excited states upon electron–hole recombination 
states,36,49,56–58 while red-emitting Ir-iTMCs usually present low Φ owing to the energy gap law.59 
In particular, no stable white emitting LEC has been reported so far.60 Therefore, the search 
towards new emitters represent one of the most critical concerns. 
 
Figure 4. Chemical structure of[Ir(dtbbpy)(ppy)2]PF6. 
1.2.3 3rd generation of emitters 
The third generation of emitters comprises SMs, Cu-iTMCs, Ag-iTMCs, QDs and perovskites. 
Cu-iTMCs present appealing properties due to their abundance, low cost (currently around $6 per 
kg),55 well-known chemistry, and high Φ features spanning the whole visible spectrum.61,62 The 
most desired feature of Cu-iTMCs their emission based on an efficient thermally activated delayed 
fluorescence (TADF) mechanism at room temperature (rt). This phenomenon allows to undergo 
reverse intersystem crossing (RISC) from a triplet state converting it to an emitting singlet state 




that allows for small energy gaps between the lowest singlet S1 and triplet T1 state, which is 
required for efficient TADF (<0.12 eV).63,64 A predominant spatial separation of the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) reduces 
the energy gap and leads to short emission decay times.65 
Since their first implementation in 2005,66 Cu-iTMCs have attracted the attention of numerous 
research groups, whose joint efforts led to the implementation of blue,67–69 green,70 yellow71–81 and 
red82-emitting Cu-iTMCs into LECs. The most studied Cu-iTMCs are related to the 
[Cu(N^N)(P^P)]+ family, where the N^N ligand is usually bpy (2,2′-bipyridine) or phen (1,10-
phenantroline) derivatives and P^P is usually POP (bis(2-(diphenylphosphino)phenyl)ether) or 
Xantphos (4,5-bis(diphenylphosphino)-9,9-dimethylxanthene).62,83 Encouraging record efficacies 
of 5.2 cd/A72 and stabilities up to hundreds of hours75,82 were reported in the last decade. However, 
the commonly irreversible oxidation processes strongly limit the performance of these devices. 
Ag-iTMCs also exhibit TADF emission, but have received less attention compared to Cu-iTMCs, 
owing to their light sensitivity, the easy decomposition to Ag(0),84,85 and the higher oxidation 
potentials than the Cu(I) ion, which causes holes transport issues.85–87 Even though Ag(I) ions can 
be found in different coordination geometries,84,88 the geometry mostly described for TADF Ag-
iTMCs is tetrahedral, as in Cu-iTMCs. In mononuclear Ag-iTMCs, the metal is often not involved 
in the formation of the HOMO, in contrast to mononuclear Cu(I), while it is usually attributed to 
ligand-centered (LC) π–π* transition or metal-centered in the case of metal–metal bonding.89 This 
is mainly justified by the difficulty in oxidizing Ag-iTMCs; however, the choice of suitable ligands 
with strong acceptor abilities could generate MLCT emitting excited states, which show efficient 
photoluminescence.87,89 In OLEDs, Ag-iTMCs based OLEDs achieved high external quantum 
efficiencies of 14%,88 while LECs showed interesting green-emitting devices with 
[Ag(bpy)(POP)]+ (λmax = 520 nm; compared to λmax = 590 nm for LECs with [Cu(bpy)(POP)]
+)73,90, 
as well as stabilities of up to 80 hours.85  
Hill and co-workers were the first ones proposing the use of SMs as emitters in LECs in 2008,91 
while Edman and co-workers demonstrated 5 years later that the mechanism of SM-based LECs 
is the same as that reported for CP- and iTMC-based LECs, thereby stating SMs as new types of 




designing, for example, host–guest schemes, (ii) the high Φ spanning the whole visible range, (iii) 
the redox stability, and (iv) their easy processability and high stability in solution.11,93 Up to date, 
SMs have been showing efficiencies of 1-3 cd/A and stabilities of up to 3600 h.92–95 On average, 
their performances are, however, moderate compared to the older generation materials. 
Finally, scattered literature on QDs- and perovskite-based LECs has appeared in the last decade.96–
99 The interest in this materials is justified by their compatibility with ionic additives like IP or IL 
in solution, allowing the preparation of thin-films from solution-based techniques.11 In addition, 
their photoluminescence features – i.e., emission color and Φ values, can be easily modified.100–
103 The first QD-based LECs were reported by Leger and co-workers in 2011.96 Upon luminance-
current-voltage (L-I-V) assays, they featured a turn-on voltage of 7 V, a maximum luminance of 
200–300 cd m2, and an EQE of 0.1% at 16 V. The first perovskite-based LECs was achieved by 
Costa’s group in 2015,99 and showed 2 cd/m2 at a driving current of 14 mA/cm2. Recently, Slinker 
and collaborators focused on enhancing the device stability utilizing an optimized amount of LiPF6 
salt additive and reaching 100 h of operation at high brightness (>800 cd/m2), as well as an 
efficiency of 6.6 cd/A.104  Despite these encouraging results, the presence of highly toxic materials, 
such as Cd and Pb, as well as their high sensitivity towards oxygen and moisture, renders them 
unideal candidates for future lighting applications. 
1.3 Motivation of the thesis 
This thesis focuses on the implementation of d10-iTMCs and SMs in LECs as sustainable 
alternatives to older generation materials. 
In May 2017, when this thesis started, 3rd generation emitters for LECs presented different 
challenges, such as: 
i) The device stability, which is usually limited to a few hours or is accompanied by low 
brightness. 
ii) The moderate device efficiency (<1 cd/A), especially at brightness> 10 cd/m2.  
iii) As for Cu-iTMCs, the limited color availability, such as the absence of red-emitting 
Cu-iTMCs, as well as the very low performances of blue-emitting Cu-iTMCs. 
iv) As for Ag-iTMCs, lack of knowledge on the electroluminescence behavior in LECs.  




These challenges will be addressed in section 3. At the beginning of each section, an overview of 






















2. Theoretical background and experimental methods 
2.1 Spectroscopic, electrochemical and microscopy techniques 
2.1.1 Ultraviolet-visible (UV-Vis) spectroscopy 
UV-Vis spectroscopy consists in irradiating the sample with light in the visible and UV (mostly 
near UV) range. Molecules containing π-electrons or non-bonding electrons can absorb UV or VIS 
light to excite these electrons to higher anti-bonding molecular orbitals. The absorption is 
proportional to the concentration of the absorbing specie in the sample, according to Lambert-Beer 
law: 𝐴 = 𝜀𝑏𝑐  where A is defined as the absorbance (-LogT, where T is the transmittance, that is 
the ratio between the transmitted light and the incident light), ε is the molar absorption coefficient, 
c is the molarity of the absorbing specie, and b is the path length through the sample. Steady-state 
absorption spectra were recorded with a Perkin Elmer Lambda 35. 
2.1.2 Steady state fluorescence spectroscopy 
Fluorescence spectroscopy measures the emission of light from excited states, and it represents, 
therefore, a complementary technique to UV-Vis spectroscopy. In particular, excited state can be 
singlet (S) or triplet (T). In the first case, the emission of light is called fluorescence, and the 
electron in the excited state presents opposite spin orientation compared to the electron in the 
ground state. In the case of emission from triplet excited states, phosphorescence takes place. In 
this case, the electron in the excited state has the same spin orientation as in the ground state. Since 
the transitions to the ground state are forbidden, the emission rates are slower compared to those 
of fluorescence (10-6 to 100 s-1 compared to 10-8s), so that phosphorescence excited state lifetimes 
(τ) are typically microseconds to seconds. Noteworthy, the distinction between fluorescence and 
phosphorescence is not always clear. As an example, Ir-iTMCs display phosphorescence with 
intermediate τ values of hundreds of nanoseconds to several microseconds.4  
The Φ of a sample is defined as Φ= 
𝑁𝑟.  𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑁𝑟.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
. 







formula reported in literature.105   
Emission spectra, Φ values, and τ values were measured with a F5 Fluorimeter with integrating 
sphere SC-30 (Edinburgh Instruments). Excited states lifetimes ( were obtained with a TCSPC 




2.1.3 Cyclic voltammetry  
Cyclic Voltammetry (CV) is an electrochemical technique that allows the determination of the 
redox properties of a compound. The setup consists of a working electrode, a counter electrode, 
and a reference electrode. The compound is dissolved in a solvent, which is electrochemically 
stable in the regime of the measurement and a reference (in our work, ferrocene) is added. To 
increase the conductivity an electrochemically inert electrolyte (e.g., tert-butyl ammonium salts 
for non-aqueous solutions) is used. A triangular shaped potential is applied between the working 
electrode and the reference electrode, while the current between the two electrodes is detected. If 
the analyzed species is reduced or oxidized, a current is produced. Three different type of processes 
can be distinguished, namely reversible, quasi-reversible, and irreversible. In the first case, the 
peaks are symmetric to a central point and the maximum peak current is proportional to the square 
root of the scan rate. Additionally, the anodic and cathodic peak potentials have to be independent 
of the scan rate and the difference between them has to be 59/n mV, where n is the number of 
transferred electrons. In quasi-reversible processes, the return peak has a lower intensity compared 
to the first peak. Irreversible processes do not show the return peak. CV measurements were carried 
out at rt using an AUTOLAB PGSTAT 204 potentiostat. A three-electrode system was used, 
consisting of a static glassy carbon working electrode, a platinum wire auxiliary electrode and an 
Ag/AgCl reference electrode. 
2.1.4 Square wave voltammetry 
Square wave voltammetry (SWV) is an electrochemical technique in which a staircase potential 
ramp is applied with a square wave mode. The main parameters of the SWV potential modulation 
are the scan increment ΔE of the staircase ramp, the SWV amplitude and the duration of the 
potential pulse. The shape of the forward and reverse scan resembles that of the CV, and provides 
the same information, with the advantage of a higher sensitivity. Therefore, it is possible to 
calculate the reversibility ratio of a redox process by integrating and comparing the areas of the 
forward (Af) and reverse peaks (Ar). In detail, reversibility ratio= Ar/Af. SW measurements were 
carried out at rt using an AUTOLAB PGSTAT 204 potentiostat. 
2.1.5 Electrochemical impedance spectroscopy  
Electrochemical Impedance Spectroscopy (EIS) is a frequency-domain-based approach, which 
measures the current response to the application of an AC voltage as a function of the frequency. 




leads to a frequency-dependent resistance commonly referred to as “impedance”.106 The employed 
perturbation is small enough (mV range) to ensure a linear response from the investigated system. 
EIS yields information about electron transfer processes across interfaces in the active layer, and 
has emerged as a powerful tool, since electronic and ionic charge carriers of mixed conductors are 
easily distinguished by the probed frequency.106,107 Furthermore, this technique allows two types 
of experiments, namely: (i) static, by performing EIS assays at different voltages; and (ii) dynamic, 
by applying a constant voltage and periodically performing EIS analysis over the driving time. 
Typically, Nyquist plots obtained from EIS assays consist of one semicircle whose diameter relates 
to the resistance associated to the dynamics of the electrical double layer (EDL) formation at the 
electrode interface under applied voltages lower than the band gap of the emitter (i.e., 3–3.5 eV) 
and the reduction of the intrinsic undoped region when charge injection is effective (>3.5 eV). This 
is related to the formation of the EDLs due to the slow movement of the mobile anions towards 
the electrode interfaces until charge injection is efficient. At this point, the p- and n-doped regions 
start to grow reducing the p–i–n region and leading to a linear decrease of the resistance profile 
due to the ohmic charge injection.  
In the static mode, measurements were performed at an applied voltage range from 0 to 4/5 V and 
fitted with the Nova 1.11 software using the circuit model shown in Figure 5. The AC signal 
amplitude was set to 10 mV and was monitored in a frequency range from 10 to 1 MHz. The Nova 
1.11 software was used to obtain the parameters from the equivalent circuit. With this data at hand, 
the resistance of the intrinsic non-doped region (RLEC) was directly obtained. The film conductivity 
(S/m) is measured at 0 V with the equation σ=dA x RLEC where d is the thickness of the layer, A 
is the area of the electrodes, and RLEC is the resistance of the active layer.
107–109 Assays were carried 
out with a potentiostat/galvanostat (Metrohm μAutolabIII) equipped with a frequency response 
analyzer module (FRA2). 
In dynamic mode, the slow ionic distribution rearrangement and the growth of the doped regions 
over time are observed by measuring EIS at certain intervals, while keeping the device at an 
applied constant voltage. The fitting circuit is shown in Figure 5. Upon performing the fitting, the 
capacitance was replaced with a constant phase element (CPE), which is the equivalent electrical 
circuit component that models the behavior of an imperfect capacitor. This is assumed to be caused 




usually caused by an inhomogeneous surface.108,110 The CPE’s impedance is defined as C= Q1/α x 
RLEC 
(1-α)/α, and α (0 ≤ α ≤ 1). Q corresponds to 1/|Z| at ω = 1 rad/s, where Z is the impedance; it 
represents no direct meaningful physical value. However, the CPE acts as pure resistor for α = 0 
and pure capacitor for α = 1. The thickness of the doped regions is calculated taking into account 
that dEDLCEDL=dCgeo, where dEDL=thickness of the doped regions, CEDL=capacitance associated to 
the doped regions, d=device thickness and Cgeo=geometric capacitance obtained by fitting the 
circuit at 0 V.18,95,109 The intensity of the internal electric field is then calculated with E=V/dEDL, 
where V is the constant applied voltage and dEDL the thickness of the doped regions. 
 
Figure 5. Simplified circuit model with inductance (LCab), external series resistor (Rseries), internal 
electrical resistance (RLEC, and constant phase element CPEgeo used for static EIS assays (left), and 
integral circuit model with EDL related capacitance (CPEEDL), ionic resistance (RLEC), electrical 
resistance (Re), and geometric capacitance (CPEGEO) used for dynamic EIS assays (right). 
2.1.6 Atomic force microscopy  
Atomic force microscopy (AFM) is a type of scanning probe microscopy with a sub-nanometer 
height resolution. A small tip attached to a cantilever fixed onto a piezoelectric crystal is used to 
touch the sample and to acquire a picture of the surface. The tip oscillates while touching the 
sample and this deflection is detected by a reflecting laser light from the top surface of the 
cantilever. This allows the determination of the exact position of the tip and, therefore, contains 
information about forces. In particular, it is possible to measure both the topography of a surface 
with a sub-nanometer resolution, as well as the root mean square roughness (RSM), which gives 
an indication of its homogeneity. AFM assays were performed with VEECO DIMENSION 5000 




2.2 LECs measurement system  
For the characterization of the LECs, a LED lifetime system was used to simultaneously measure 
luminescence, current, and voltage of the device. The luminescence is measured by a silicon 
detector placed onto the lighting area, while the current-voltage characteristics are determined by 
applying a stepwise increasing voltage and recording the current and the luminescence of the 
device (the so-called L-I-V, or luminance-current-voltage scan). In order to measure the lifetime 
of the device a pulsed voltage/current is used and voltage/current and luminescence are recorded 
as a function of time. The maximum sensibility of the light sensors is in the yellow-green region 
and blue or red emitting devices are generally measured by placing an integrated sphere connected 
to a spectrometer on top of the operating pixel. In the work at hand, measurements were performed 
with an Avantes spectrophotometer (Avaspec-ULS2048L-USB2) in conjunction with a calibrated 
integrated sphere Avasphere 30-Irrad and a BOTEST OLT2 LED lifetime system.  
2.3 Layer deposition Techniques  
The LEC fabrication requires the application of layers with defined thicknesses onto a substrate. 
To this end, different deposition methods were employed.  
2.3.1 Doctor blading  
A doctor blader consists of a heated bottom plate and an adjustable doctor blade. By applying the 
coating solution in the gap between the blade and the substrate and moving the blade, it is possible 
to coat substrates with liquids and simultaneously evaporate the solvent to realize thin solid layers. 
The thickness and homogeneity of the coating depend on the viscosity and the drying speed of the 
liquid as well as the height and coating speed of the doctor blade. Thin films were fabricated with 
a Zehntner 2300 doctor blade. 
2.3.2 Spin coating  
Spin coating is another deposition technique for uniform thin films, which is suitable for depositing 
solutions with different viscosities on a variety of substrates. The coating solution is applied to the 
center of the substrate, which is subsequently rotated with high speed. The centrifugal force 
spreads the solution and the rotating speed can be varied to obtain the desired layer thickness. It is 
also possible to apply the coating while the substrate is already rotating, thereby reducing the 
necessary solution and potentially increasing the layer quality. The solvent commonly evaporates 




tetrahydrofuran (THF), acetonitrile (MeCN) or toluene. Thin film layers were spin-coated with a 
Laurell WS-650-23 Spin Coater. 
2.4 Figures-of-merit of LECs 
The LEC characterization is based on the following figures-of-merit:  
 Current density (J): flux of current that is flowing through the device and is measured in 
ampere per unit area (A/m2).  
 Irradiance (I) : radiant flux received by a surface per unit area and is measured in (W/m2).  
 Luminance (L): flux of emitted light by the LEC and is measured in candela per surface 
unit (cd/m2). It is the photometric equivalent of irradiance. The maximum luminance (Lmax) 
is the highest reached during the entire measurement.  
 Turn-on time (ton): the time needed to reach the maximum luminance.  
 Lifetime (t1/2): time until a device reaches half of its maximum luminance.  
 Total emitted energy (Etot): integrated area of the radiant flux of a device from the 
beginning of the application of bias until the luminance reaches 1/5 of its maximum value 
divided by the area of the electrode. The device stability can also be characterized using 
the Etot parameter (usually measured in mJ), taking the time needed to reach one fifth of 
the maximum luminance as the upper limit.  
 Efficacy (or efficiency): the emitted light per electric flux and is measured in candela per 
ampere (cd/A).  
 Power efficiency: flux of light per electric input and is measured in lumen per Watt (lm/W).  
 External quantum efficiency (EQE): ratio of photons emerging from the device per injected 
electrons.  
 Color coordinates: they are used to compare color in a standardized manner, according to 
the Commission Internationale de l’Eclairage (CIE) model ─ Figure 6, based on the fact 
that the human eye has three types of color sensors that respond to different ranges of 






Figure 6. The CIE chromaticity diagram. 
 
2.5 Common driving modes of LECs 
 L-I-V mode: A ramp of voltage with a determined scan rate  i.e., 500 mV/s, is applied 
until a suitable voltage is reached (usually from 6 V to 18 V). Repetitive scans are possible. 
 Constant mode: A constant voltage or current (usually 3-5 V, 1-100 mA/cm2) is selected 
and applied over time. 
 Pulsed mode: A pulsed voltage or current is selected and applied over time. The pulse is 
characterized by a duty cycle (50%, if not specified otherwise) and a frequency (1 kHz in 
the presented contributions). The typical response of a standard LEC tested upon a certain 

















































Figure 7. Typical response of the average voltage (black) and luminance (grey) over time of a 
standard LEC at a certain applied pulsed current. The points at which the Lmax, ton and t1/2 are 




















3.1 d10 complexes-based LECs 
3.1.1 Copper (I) ionic transition metal complexes (Cu-iTMCs) 
Owing to the low cost and toxicity of copper, cationic luminescent Cu-iTMCs have been 
investigated since the 1970’s, when McMillin and co-workers initially described their synthesis 
and photophysical properties.111–114 The Cu(I) ion usually presents a tetrahedral geometry, while 
Cu(II) is more stable in a tetragonal coordination. The emissive state features a MLCT character, 
as long as empty π orbitals are easily accessible in the ligands, and the d10 electronic configuration 
of the Cu(I) ions disfavors MC electronic transitions, which are generally non-emissive. These 
factors lead to long excited states lifetimes and potentially intense photoluminescence. 
Surprisingly, the first report on Cu-iTMCs in LECs was published only in 2005, when Teng, Fu, 
and co-workers prepared a yellow-emitting (λem = 570 nm) dinuclear Cu-iTMC that showed a 
maximum efficiency of 0.16 cd/A at 12 V.115 In 2006, Armaroli’s group proposed to work on an 
interesting family of heteroleptic copper(I) complexes, that is, [Cu(N^N)(P^P)]+ in which N^N 
and P^P are diimine and diphosphine ligands. In the following years, much effort was put into 
designing new P^P and N^N ligands. In particular, sterically hindered ligands, such as bis(2-
(diphenylphosphino)phenyl)ether (POP) or 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 
(Xantphos), help to stabilize the geometry of the excited state, hindering complex degradation.62 
Concerning the N^N ligand design, important achievements have been realized attaching σ-
donating groups or halogen atoms at the para position of the N^N ligands.72,74–77,81 In particular, 
Keller et al. reported a record efficiency of 5.2 cd/A in LECs built as ITO/PEDOT:PSS/[Cu(6,6’-
dimethyl-2,2’-bpy)(POP)][PF6]:ethyl methyl imidazolium hexafluorophosphate ([EMIM][PF6]) 
1:1/Al driven at 10 mA/cm2 pulsed current. This, however, came at the expense of a limited 
stability (0.5 h). By contrast, LECs bearing [Cu(6-methoxy-2,2’-bpy)(POP)][PF6] showed record 
stability (200 h), but poor luminance (17 cd/m2). It is, therefore, of utter importance to design new 
complexes and device architectures that feature simultaneous good brightness and stability levels. 
Furthermore, Cu-iTMCs, despite their well-known color tunability, failed in providing good 
performing blue-emitting LECs. Indeed, the stability of the first reported blue-emitting Cu-iTMC 
LEC was limited to a couple of minutes.67 Additionally, no red-emitting Cu-iTMCs were reported 




 The goal of this thesis is, therefore, i) to rationalize the reasons leading to the low stability in Cu-
iTMC based LECs, ii) to design suitable N^N or P^P ligands towards enhanced device 
performance, and iii) to provide rainbow LECs, focusing on the obtainment of stable blue- and 
red-emitting Cu-iTMCs for the preparation of white-emitting Cu-iTMC based LECs. 
 
3.1.2 Blue-emitting Cu-iTMCs-based LECs 
Michael D. Weber+, Elisa Fresta+, Margaux Elie, Matthias E. Miehlich, Jean-Luc Renaud, Karsten 
Meyer, Sylvain Gaillard, and Rubén D. Costa, Rationalizing Fabrication and Design Toward 
Highly Efficient and Stable Blue Light-Emitting Electrochemical Cells Based on NHC Copper(I) 
Complexes, Adv. Funct. Mater, 2018, 17, 1704023. 
+ authors contributed equally 
Blue-emitting Cu-iTMCs have not been so far obtained by simply attaching electron withdrawing 
substituents to the ligands, as extensively reported in Ir-iTMCs. For example, the addition of 
fluorine groups leads to green-emitting complexes.76 As such, new types of N^N ligands with high 
energy LUMO levels were introduced to blue-shift the emission. Costa, Barolo and coworkers 
firstly proposed a new [Cu(impy)(POP][PF6] complex where impy is 3-(2-methoxyphenyl)-1-
(pyridine-2-yl)imidazo[1,5-a]pyridine that showed a deep blue emission centered at ~450 nm in 
solution, powder, and thin film.80 However, in LECs it presented a yellow electroluminescence 
response centered at ~ 550 nm. This was ascribed to the LC character of the emitting excited states 
that led to a lack of the TADF process under device operation conditions. In other words, the 
photoluminescence occurs from the singlet excited state and the electroluminescence from the 
triplet excited state, without having the chance to undergo TADF. 
As expected, the device performance was poor, featuring a maximum luminance of 13.9 cd/m2 and 
an efficacy of 0.03 cd/A at a pulsed driving current of 7.5 mA. 
To obtain blue-emitting LECs, Costa and collaborators used a new family of Cu-iTMCs, that is, 
the NHC–copper(I) dipyridylamine [Cu(IPr)(dpa)][PF6], where IPr: 1,3-bis-(2,6-di-iso-
propylphenyl)imidazole-2-ylidene; dpa: 2,2′-bis-(3-methylpyridyl)amine.67 The authors 
synthetized a series of Cu-iTMCs, in which the diimine (N^N) ligand was modified with different 




groups. They reported that the combination of both electron-donating and electron-withdrawing 
type of substituents in a “push-pull” fashion leads to an increased CT character of the emitting 
excited state and a consequent higher Φ. Importantly, all these complexes exhibited TADF 
emission in both, solution and powder. The most promising blue-emitting copper(I) complex, 
[Cu(IPr)(3-Medpa)][PF6] (1), where 3-Medpa: 2,2′-bis-(3-methylpyridyl)amine metal complex– 
Figure 8; λem = 458 nm; Φ=0.86 – was applied into LECs built as ITO/PEDOT:PSS (90 nm)/ 1 
(100 nm)/Al. It showed blue electroluminescence centered at 497 nm with x/y CIE color 
coordinates of 0.23/0.28. At the pulsed driving current of 9.97 mA/cm2, luminances of 22.2 cd/m2, 
lifetimes of 4 mJ, and efficacies of 0.2 cd/A were achieved–Table 1.69  Unfortunately, all these 
devices are characterized by very short lifetimes.  
 
Figure 8. Chemical structure of 1. 
As such, we decided to thoroughly investigate the reasons leading to the poor stability. In fact, 
although NHC Cu-iTMCs show a sound stability in powder,67,68,116 there is little known about their 
stability in solution. Here, three degradation mechanisms may, indeed, take place, namely i) the 
formation of homoleptic complexes,117 ii) a solvent-assisted ligand exchange process as both 
solvents show coordination features,70,118,119 and iii) the spontaneous formation of copper(II) 
compounds.120–122  We selected THF and MeCN as suitable solvents to fabricate LECs with 1, 
owing to its high solubility and the suitability of the solvents to yields homogeneous films. Firstly, 
the absorption features of fresh and aged solutions were analysed. The appearance of a new, well-
structured band centered at 350-400 nm in THF evolves immediate, and it increases over time, 
reaching a plateau after 2 h. By contrast, the absorption features in MeCN solutions remain 




– Figure 9. In THF, the same degradation band at 350-400 nm was also observed for [Cu(3-
Medpa)2][PF6], the homoleptic analogue of 1. As such, we could discard the formation of 
homoleptic species as possible degradation mechanism. 
 
Figure 9. Changes over time in the UV-Vis absorption features of 1 in solution of THF (left) and 
MeCN (right). 
Time-dependent 1H proton nuclear magnetic resonance (1H-NMR) and electron paramagnetic 
resonance (EPR) spectroscopy experiments in both solvents further highlighted that the formation 
of Cu(II) was instantaneous in THF.69 MeCN solutions, by contrast, showed that the formation of 
Cu(II) was taking place at a significantly slower rate than in THF. Those results highlighted the 
better suitability of MeCN over THF for thin film fabrication. However, a last experiment involved 
Φ measurements of thin films spin-coated from fresh and aged solution. Here, the Φ of films 
prepared from MeCN solutions reduced significantly faster than those with THF solutions. In 
particular, Φ changed from 78% to 30% for MeCN and from 85% to 75% in THF after 10 min, 
which is the minimum time required to process LECs. This was ascribed to the irreversible solvent-
assisted ligand exchange reaction that leads to the formation of homoleptic species.69,72 Therefore, 
we selected THF as solvent for LEC fabrication. 
Next, we performed CV measurements. 1 shows two quasi-reversible oxidations at 0.95 and 1.40 
V vs ferrocene/ferrocenium (Fc/Fc+), while only one quasi-reversible reduction process at −2.00 
V vs Fc/Fc+. Both, oxidation and reduction processes, could be considered as quasi-reversible, but 




determine if the redox processes have an impact on the photoluminescence features and whether 
this is reversible or irreversible. The latter would suggest the formation of quenching species that 
are the major reasons leading to fast luminance decay in LECs. Therefore, spectro-electrochemical 
assays were performed monitoring the emission features upon applying a cyclic voltage loop from 
0 to either 1.0 or −2.0 V and back to 0 V – Figure 10. Upon reductive scan, the emission is 
decreased in intensity, but it is recovered once the potential goes back to 0 V. Upon oxidation, by 
contrast, the emission intensity is significantly reduced, and is not recovered upon decreasing 
potential. This highlights that the oxidation process might have a major impact on the LEC 
performances and, therefore, needs to be solved.  
 
Figure 10. Spectro-electrochemical assays of 1 under oxidation (left) and reduction (right) applied 
voltage scan. 
To this end, we opted for the commonly used hole transport material 4,4′-bis(N-carbazolyl)-1,1′-
biphenyl (CBP) for preparing two sets of devices. The first set followed the common host–guest 
approach, namely a single-layered device architecture based on mixture of CBP as host and 1 as 
guest in mass ratio of 10, 20, 30, and 50 wt.% − Figure 11. The second set consisted in a multi-
layered device architecture, that is, a device with the configuration indium tin oxide 
(ITO)/CBP/1/Al, in which CBP acts as a hole injection/transport layer and 1 acts as electron-
transport as well as electron–hole recombination layer. Among various hole transporter, CBP was 




HOMO and LUMO levels of 1 are embedded, allowing energy transfer as the light emitted by of 
CBP can be absorbed by 1. However, only a 50:50 CBP:1 ratio led to for a complete energy 
conversion from host to guest −Figure 11. The device performance was encouraging, reaching 
comparable luminances (19 cd/m2) and efficacies (0.15 cd/A), but a 6-fold enhanced stability (24.6 
mJ) − Figure 12 and Table 1. 
 
Figure 11. Electroluminescence spectra of LECs with different ratios of CBP to 1. 
Finally, multi-layered devices were fabricated and the thickness of the CBP layer was optimized 
to 25 nm. These devices showed 8-fold enhanced luminances (170 cd/m2), efficacies (1.2 cd/A), 





Figure 12. Luminance vs time (left) and average voltage vs time (right) of 1 (orange), CBP:1 50:50 
(black), and CBP/1 (green) LECs driven at different pulsed currents (see legend). 
The electroluminescence response of CBP/1 was comparable to that of 1, indicating that electron 
transport and light emission were successfully happening at 1 layer, as there is no contribution for 
CBP. However, the enhanced stability of CBP/1 LECs suggests that CBP acts as an effective hole 
transporter, hindering the oxidation on 1− Figure 13. This is in line with the energy levels of CBP 
and 1; here, CBP traps hole as it has the lowest lying HOMO, while the emission happens in 1 
layer as it has the smaller bandgap. 
Figure 13. Electroluminescence spectra of 1 and CBP/1 LECs (left), and schematic representation 
of the energy levels in CBP/1 LECs (right). 
 
To summarize, this work shed light onto the reasons leading to the poor performances of 1 LECs, 
which comprised a more careful solvent choice and the irreversibility of the oxidation process. As 
such, we enhanced the performances of 1 LECs by employing the small molecule CBP in i) single-
layered devices with host-guest approach, and ii) multi-layered devices, in which CBP acted as a 
hole transporter. The best results were obtained with the second strategy, and consisted in an 8-





Table 1. Figures-of-merit of single- and multi-layered 1 devices run at pulsed 2 mA. 
          a. Maximum luminance. b. Time to reach the maximum luminance. 
3.1.3 Yellow- emitting Cu-iTMCs-based LECs 
Elisa Fresta, Giorgio Volpi, Marco Milanesio, Claudio Garino, Claudia Barolo and Rubén D. 
Costa, Novel Ligand and Device Designs for Stable Light-Emitting Electrochemical Cells Based 
on Heteroleptic Copper(I) Complexes, Inorg Chem., 2018, 16, 10469–10479. 
To enhance the performances of green- and yellow-emitting LECs, strategies have focused on  the 
optimization of both the synthesis protocol (purification and yields)123,124 and the ligand design 
(para or ortho substitutions of the N^N ligand).74–76,81,125 Concerning the ligand design, 
encouraging results have been realized attaching σ-donating groups or halogen atoms at the ortho 
or para position of N^N ligands.74,81 In particular, a major breakthrough was realized through the 
functionalization of the bpy ligand with two methyl groups in ortho position, which led to both 
enhanced Φ values (69% vs 6% in powder) and device performances (i.e., efficacy of 5.2 vs 0.6 
cd/A) compared to the non-substituted Cu-iTMC.75,125 This was ascribed to the positive effect of 
twisting of the bipyridyl units coupled with a tilting of the heterocyclic ring plane, that led to 
enhanced luminescence as the photo-induced flattening distortion was limited.126 In this context, 
we turned our attention to further enhancement of Cu-iTMCs LECs performances by carefully 
designing the N^N ligand. We chose two yellow-emitting complexes, namely [Cu(bpy)(POP)]PF6 
(2), and [Cu(bpy)(POP)]PF6 (3). They were synthetized according to literature procedures,
116,124 
and their chemical structures are displayed in Figure 14. While 2 was already reported in 
literature,73,127 3 is a new complex featuring methoxy groups at the ortho position of the bipyridine 
ligand (6,6’-OMe2bpy). The presence of the methoxy group should lead to enhanced performances, 
owing to the electron-donating character of such substituting groups, as well as a sterical hindrance 
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hindered, but also the molecule should possess enhanced rigidity and should not flatten in the 
excited state.127,128  
 
Figure 14. Chemical structures of 2 (left) and 3 (right). 
A first confirmation came from the X-ray analysis of 2-3, which pointed out that i) the O-CH3 
bond belonging to the methoxy group has the typical length of an aromatic bond (1.39 Å), which 
suggests a certain degree of electron delocalization, and ii) the geometry is closer to an ideal 
tetrahedron due to the enhanced rigidity of the bpy ligand.71 
The expected positive effect of the substitution was firstly tested in solution. Indeed, LECs 
fabrication requires are prepared using solvent-based deposition techniques; however, this step can 
lead to degradation issues if the complex gets coordinated by the chosen solvent. In this case, we 
selected MeCN as solvent due to the high solubility of the Cu-iTMCs and the quality of the layer’s 
morphology. MeCN is, however, known for its coordinative character.125 Both thermal and photo-
stabilities were tested, by keeping solutions of 2 and 3 at 70°C or under UV-light excitation over 
time, respectively, and monitoring the absorption features over time. 
In detail, fresh MeCN solutions of both 2 and 3 show well-defined absorption bands transitions 
located at 280-300 nm and 380-400 nm regions ─ Figure 15. They correspond to LC and MLCT 
transitions, respectively. At 70°C, the archetypal 2 showed an evolution of a third absorption band 
after ca. one hour, while 3 showed no changes after 6 hours of continuous measurements. The 
band was ascribed to the formation of a homoleptic complex ─ Figure 15. Under UV excitation, 
both complexes feature a fast growth of additional absorption bands with 2 starting to degrade 




experiment represents a first confirmation that the methoxy group has a positive effect towards 
solvent coordination both in the ground and excited state.  
 
 
Figure 15. Change in the UV-Vis absorption spectra of 2 (left) and 3 (right) MeCN solution (10^-
4 M) under thermal (70°C, top) and UV irradiation (302 nm, 640 μW/cm2, bottom) stress. 
Next, thin films of 2 and 3 were processed; their photoluminescence features showed shapeless 
emission centered at λmax of 583 (2) and 571 (3) nm. Importantly, the Φ value of 3 (20%) more 
than double that of 2 (9%). Thus, we proceed to study their electroluminescence features in 
standard single-layered LECS. The complexes showed yellow electroluminescence with λmax of 
589 (2) and 571 (3) nm and x/y CIE color coordinates of 0.49/0.53 (2) and 0.46/0.52 (3). 
Regardless of the applied pulsed driving current, which was varied from 2.5 to 7.5 mA, the LEC 




2, in that they showed simultaneously enhanced brightness, shorter turn-on times, and longer 
stabilities. Noteworthy, all the devices show a rise of the voltage over time, accompanied by 
luminance loss. Importantly, this happens within a shorter time for 2 compared to 3, i.e., 0.5 h 
compared to 1.5 h at 7.5 mA pulsed driving current. This points out that degradation processes are 
taking place, generating quenching species.  
 
Figure 16. Luminance vs time (left) and average voltage vs time (right) of 2 (top) and 3 (bottom) 
single-layered LECs driven at different pulsed currents (see legend). 
As such, we turned our attention to cyclic voltammetry assays. Both 2 and 3 showed a quasi-
reversible oxidation at ~ 1 V, and two totally reversible reductions at around -2 V and -2.5 V ─ 
Figure 17. We could, therefore, assume that the oxidation process was responsible for the 






Figure 17. Cyclic voltammogram of 2 (green) and 3 (orange) in MeCN solution. The straight line 
indicates the reduction scan, while the dotted line the oxidation scan. 
 
Following the successful strategy achieved with 1,69 we opted for a multi-layered architecture 
strategy, in which a pure CBP layer works as a hole transporter, and the Cu-iTMC as an electron 
transporter and emissive layer. The optimized CBP layer thickness was found to be 15 nm, and the 
pulsed driving current of 7.5 mA was chosen, as it was the most prone to fast performance loss. 
The device stability was enhanced for both complexes by one order of magnitude compared to that 
of single-layered LECs without affecting the other figures-of-merit ─ Figure 17 and Table 2. As a 
further proof of the positive effect of the methoxy substitution, 3 multi-layered devices showed 
better performances compared to those with 2. Importantly, the electroluminescence features of 
the multi-layered devices show no relevant difference with regard to the single-layered one, 
highlighting that recombination and emission were successfully happening at 2 and 3 layers ─ 
Figure 18.  
Finally, the enhanced stability confirmed that the hole transport role of the CBP layer was 
efficiently contributing in hindering the oxidation issues. This is also corroborated by the favorable 
energy levels on CBP and 2 or 3; indeed, CBP has the lowest HOMO and therefore collects hole, 





Figure 18. Comparison between luminance vs time (top left) and electroluminescence spectra (top 
right) of 2 and 3 single-layered and multi-layered devices driven at pulsed 7.5 mA, and schematic 
representation of the energy levels of the multi-layered device (bottom). 
Overall, this work firstly provides a ligand design, in which the methoxy substitution in the ortho 
position of the bpy ligand allows for improved photophysical and device properties. Secondly, the 
multi-layered device strategy that we used for 1, led to 10-fold enhanced stabilities compared to 
single-layered devices, without affecting the other figure-of-merits. As such, we can state the 







Table 2. Figures-of-merit of single-layered and multi-layered 2 and 3 devices. 
a. Maximum luminance. b. Time to reach the maximum luminance. c. Time to decay to the half of the maximum luminance. 
 
3.1.4 Red-emitting Cu-iTMCs-based LECs 
Elisa Fresta, Michael D. Weber, Julio Fernandez-Cestau, Rubén D. Costa, White light-emitting 
electrochemical cells based on deep-red Cu(I) complexes, Adv. Opt. Mater, 2019, 7, 1900830. 
Although there have been scattered reports of red-emitting Cu-iTMCs employed in OLEDs,130,131 
they have not been reported for LECs so far. This is a critical concern, as it also implies the lack 
of Cu-iTMCs based white-emitting LECs, that is necessary for indoor lighting. In order to red-
shift the emission, we decided to substitute the common N^N ligand bpy, that gives rise to yellow-
emitting LECs, with the highly conjugated dcbq (= 4,4ʹ-diethylester-2,2ʹ-biquinoline). 
Additionally, we opted for different P^P ligands, that is, (PPh3)2 or bis-triphenylphosphine, POP 
or (bis(2-(diphenylphosphino)phenyl)ether), and Xantphos or (4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene), named 4, 5, and 6, respectively ─ Figure 19. The rigidity of the P^P ligand 
increases from 4 to 6, which should imply enhanced chemical and electrochemical stability, as 
well as higher Φ values due to the reduced structural distortion in the excited state. This strategy, 
therefore, allows to shed light on a possible effect of the increased P^P ligand rigidity onto 4–6 















2 2.5 4.0 10.2 0.90 5.5 0.1 
2 5.0 4.3 22.1 0.25 0.5 0.1 
2 7.5 4.5 28.5 0.20 0.6 0.1 
CBP/2 7.5 3.7 24.7 1.1 13 0.1 
3 2.5 3.9 15.2 0.31 7.2 0.4 
3 5.0 4.2 25.1 0.12 2.6 0.3 
3 7.5 4.4 36.4 0.05 1.1 0.3 





Figure 19. Chemical structure of 4 (top left), 5 (top right), and 6 (bottom). 
4–6 exhibit strong deep-red photoluminescence in CH2Cl2 solution, featuring broad emission 
bands centered at λmax = 704 nm (4), 709 nm (5), and 701 nm (6), and blue-shifted emission in 
powder (λmax = 669 nm 4; 676 nm 5; 671 nm 6) –Figure 20. The reasons underlying the blue-shift 
are ascribed to the hypsochromic shift following a change in the molecular geometry in the excited 
state.132 The Φ values in powder follow the same trend as the rigidity of the P^P ligand, increasing 





Figure 20. Emission spectra in CH2Cl2 solution (straight line) and powder (dotted line) of 4 
(orange), 5 (black), and 6 (green). 
 
Next, devices with LECs 4–6 were prepared in a standard single-layered device architecture. 
Firstly, five cyclic L–I–V assays with scan rate 300 mV/s were performed. Here, the current 
density does not vary and the luminance increases upon the scans for 5 and 6, while devices with 
4 show current density increase and luminance loss upon the scans – Figure 21. This suggests that 
4, in contrast to 5 and 6, shows a limited stability upon applied voltage. Moreover, the maximum 
irradiance displayed increases from 4 (0.89 µW/cm2) to 5 (29 µW/cm2), and to 6 (40 µW/cm2). 
The light output can be described as deep-red with x/y CIE color coordinates of 0.52/0.33 (4), and 
0.66/0.32 (5 and 6). 
 




This trend is also kept when the devices are measured in pulsed mode at 15 mA (97.9 µW/cm2, 
20.9 h 6; 41.5 µW/cm2, 6.5 h 5; 0.77 µW/cm2, 1.7 × 10−3 h 4). More strikingly, 6 also shows the 
longest lifetime (20.3 h compared to 6.5 h for 5 and 0.0017 h for 4) – Figure 22 and Table 3. 
 
Figure 22. Luminance vs time (left) and average voltage vs time (right) of 4 (orange), 5 (black), 
and 6 (green) single-layered LECs driven at 15 mA pulsed current.  
In an attempt to further improve the device performances, we turned our attention to CV and SWV 
studies, as a tool to study degradative processes. – Figure 23. These complexes show a quasi-
reversible oxidation going from 0.91 V (4), to 0.87 V (5), and to 0.83 V (6) vs Fc/Fc+, a first 
reduction wave at -1.3 V vs Fc/Fc+, which is ascribed to the N^N ligand (dcbq), and a second 
reduction wave at -1.51 V (4), -1.70 V (5), and -1.76 V (6). However, the level of quasi-
reversibility of the processes may vary significantly. To this end, we performed SWV assays by 
scanning in forward and reverse directions and integrating the observed peaks. This allowed us to 
calculate the reversibility ratio, which increases linearly from 4 to 6 for both the oxidation and 
reduction processes. This highlights the crucial role of the P^P ligand in affecting both the complex 
and device stability. Indeed, among the three complexes, 6 appears as the most promising 
candidate for LECs. As such, we decided to concentrate on 6 to further improve the device 





Figure 23. Cyclic voltammogram of 4 (orange), 5 (black), and 6 (green) in THF solutions (left), 
and reversibility ratio for oxidation (orange) and reduction (green) processes for complexes 4–6 
(right). 
Following the success obtained with the previously reported complexes 1–3,69,71 a host-guest 
system with the blue-emitting molecule CBP was tested. Indeed, the energy level of 6 are 
embedded in these of CBP and the electroluminescence response of the latter fit to the absorption 
of 6. The device architecture ITO/PEDOT:PSS/6:CBP/Al was analyzed by changing the blending 
ratio in a range 1%–30% wt. of 6. With a 15% wt of 6, proof-of-concept white LECs featuring 4 
cd/m2 at 25 mA pulsed driving current, x/y CIE color coordinates of 0.31/0.32 and a high CRI of 





Figure 24. Normalized absorption of 6 (green) overlapping to the normalized electroluminescence 
of CBP (orange), and electroluminescence of the white CBP:6 85:15 LEC (black), (left); schematic 
representation of the energy levels of CBP and 6 (right). 
Noteworthy, when increasing the concentration of 6 to 30%, only deep-red emission from 6 is 
noted, along with slightly lower irradiances (79 µW/cm2) compared to pure 6 devices, but with an 
outstanding stability of 170 h, which represents one of the most stable Cu-iTMC-LECs so far 





Figure 25. Electroluminescence spectrum (left) and irradiance vs. time (right) of pristine 6 (orange) 
and CBP: 6 70:30 (green) LECs. 
To conclude, the first deep red-emitting Cu-iTMCs bearing different P^P ligand are realized. The 
type of P^P ligand has a huge impact in determining Φ value, redox reversibility and device 
properties. In particular, all these properties are enhanced with enhanced rigidity of the P^P ligand. 
To further enhance the stability of the most promising complex, that is, 6, host-guest devices with 
the hole transporter CBP are fabricated. Here, a CBP:6 ratio of 85:15 leads to the first Cu-based 
white emitting LECs, while a CBP:6 ratio of 30:70 to 9-fold enhanced stability compared to 6 
devices, without negatively affecting the other performances. 
Table 3. Figures-of-merit of 4–6 devices driven at pulsed 15 mA 
a. Maximum irradiance. b. Time to reach 50% of the initial irradiance.  c. Time to reach 20% of the initial irradiance.  




Ag-iTMCs are a much less explored alternative to Cu-iTMCs, despite belonging to group 11 and 
having a d10 configuration as Cu(I) ions.70,133 However, the Ag(I) ion features a larger ionic ratio 
than the Cu(I) ion,65 which translates in very stable 2-coordinate linear complexes instead of 
tetrahedral complexes. Besides, they are more difficult to be oxidized,134 hampering the hole 
transport in thin-film devices. Additionally, the emission mechanism of Ag-iTMCs has not been 
entirely clarified yet.86 Indeed, their emission usually attributed to ligand-centered (LC) π–π* 
transition or metal-centered in the case of metal-metal bonding, while Cu-iTMCs show MLCT 
character.89 Nonetheless, the presence of a MLCT emission is possible in opportunely 
functionalized Ag-iTMCs. 
Device Irradiancemax a t1/2b t1/5c Etotd Effe λmax x/y CIE 
 (µW/cm2) (h) (h) (J) (lm/W) (nm)  
4 0.90 1.7E-3 4.7E-3 7.15E-05 1.00E-4 670 0.52/0.33 
5 41.1 6.5 20.0 1.39E+02 0.05 672 0.66/0.33 
6 97.9 20.9 81.2 1.34E+03 0.23 675 0.66/0.32 
CBP:6 85:15 3.8 cd/m2 0.8 - -         - 490,653 0.31/0.32 




The first Ag-iTMCs-based LEC is dated 2015, as Moudam et al. reported on 
[Ag(bpy)(POP)][BF4], whose emission had mixed MLCT/LLCT and intra-ligand character.
135 
LECs built as (ITO/PEDOT:PSS/Ag-iTMC:[BMIM][PF6]/LiF:Ag showed encouraging 
performances (395 cd/m2 at 5.5 V) and warm-white, broad emission. However, the device stability 
was not commented. This leaves the quest of the possible substitution of Cu(I) by Ag(I) open, and 
motivates our studies towards this purpose. 
3.1.7 Ag-iTMCs-based LECs 
Elisa Fresta, José M. Carbonell-Vilar, Jiayin Yu, Donatella Armentano, Joan Cano, Marta Viciano-
Chumillas, and Rubén D. Costa, Deciphering the Electroluminescence Behavior of Silver(I)-
Complexes in Light-Emitting Electrochemical Cells: Limitations and Solutions toward Highly 
Stable Devices, Adv. Funct. Mater, 2019, 29, 1901797. 
With the aim of thoroughly studying the electroluminescent behavior of Ag-iTMCs, the green-
emitting Ag-iTMC, namely [Ag(4,4′-(MeO)2-bipy)(Xantphos)]X (7·X, X = BF4, PF6, and ClO4 
and 4,4′-(MeO)2-bipy = 4,4′-dimethoxy-2,2′-bipyridine) was chosen – Figure 26. 
 
Figure 26. Chemical structure of 7·BF4. 
Firstly, we decided to investigate the stability of the reference 7·BF4 in MeCN, monitoring the 
changes of the absorption features over time under different conditions – i.e., dark or UV-
irradiation and thermal stress.  Indeed, the previous reports on complexes 1–3 pointed out that this 
step may be crucial for device performances, if the complex is not robust enough. Fresh 7·BF4 
solutions featured an absorption band centered at 254 nm with a shoulder at 277 nm, which do not 
change over time, suggesting a good suitability of 7·BF4 to be processed in LEC devices. However, 




commonly reached in LECs under operation,136 and they are simultaneously irradiated by UV-
light. In detail, two new absorption bands at 310 and 346 nm were noticed after 4 h– Figure 27. 
These were attributed to the formation of silver nanoclusters. Indeed, as reported by Mulvaney and 
Henglein, the absorption features at around 300 and 350 nm are characteristic of nonmetallic Agn 
nanoclusters with n = 3, and n >> 3, respectively.137 
 
Figure 27. Changes of the UV–vis absorption spectra of 7·BF4 measured in MeCN over time (see 
legend) at 60 °C in dark (left) and under UV-irradiation (right). 
 
The next step consisted in fabricating thin films, which showed good morphology, Φ values of 
20%, and a broad photoluminescence emission centered at 520 nm. We then proceeded with a 
standard single-layered device fabrication and its consequent testing.  
The electroluminescence response of the devices results in a broad, shapeless band centered at 
around 520 nm and x/y CIE color coordinates of 0.29/0.45, i.e., green devices. They were then 
measured at different pulsed currents, among which an optimized driving current of 15 mA was 
selected for further measurements. Indeed, it resulted in the most well performing devices, that 
showed luminances of 40 cd/m2, efficacies of 0.2 cd/A, and very poor stability of 30 s – Figure 28 





Figure 28. Luminance (left) and average voltage (right) over time of 7·BF4 (black), 7·PF6 (orange), 
7·BF4/PBD (green) and 7·PF6/PBD (blue) LECs driven at pulsed 15 mA. 
As already highlighted for above-reported Cu-iTMCs, CV is a key technique to understand which 
processes are the most impacting on the device performances. 7·BF4 shows a broad quasi-
reversible oxidation peak at 1.1 V and one irreversible reduction wave at -2.05 V (both vs Fc/Fc+ 
couple) – Figure 29. Importantly, an additional peak at -0.09 V was noted on a second scan. This 
may be ascribed to the deposition of metallic silver onto the working electrode. We further 
confirmed this phenomenon by employing X-ray powder diffraction (XRD) assays. Indeed, while 
fresh devices showed peaks coming exclusively from ITO, used devices also feature diffraction 
peaks at 2θ values of 38.1°, 44.4°, 64.5°, 77.5°, and 81.6°, which are attributed to Ag(0) 





Figure 29. First (orange) and second (green) consecutive cyclic voltammogram of 7·BF4 in 
acetonitrile (left), and XRD measurements of fresh (orange) and used (green) 7·BF4 devices 
(right). The peaks related to ITO and to metallic Ag with fcc crystalline cell are labelled 
correspondingly. 
As Ag(0) nanoclusters may be highly conductive, we turned our attention to EIS assays in the 
range 0-5 V. The first relevant information of this measurement consists in a linear decrease of the 
resistance in Ag-iTMC-LECs, highlighting the lack of efficient charge injection. More strikingly, 
used devices also show an unusual behavior with a significant decrease in the active layer ionic 
resistance (1.7 × 104 Ω compared to 1.26 × 105 Ω for fresh ones). The resistance further decreases 
during the voltage scan, approaching very low values (≈1000 Ω) at only 1 V, which is far below 
the bandgap of 7·BF4 – Figure 30. The significant resistance drop may be justified by i) the need 
of a more suitable counter-ion/electrolyte matrix that leads to standard charge transport and 





Figure 30. Change in the resistance upon applied voltage in static EIS assays (0-5 V) of fresh 
(orange) and used (green) 7·BF4 devices. 
Firstly, the impact of different electrolyte matrices (that, the standard IL [BMIM[PF6] and the 
TMPE:LiOTf IP were used to fabricate thin films. However, the resulting bad morphology 
highlighted the unavailability of this strategy. Next, the impact of different counter-ions on the 
device performances was studied. Surprisingly, 7·PF6 devices featured higher luminances of ≈130 
cd/m2, while 7·ClO4 devices showed lower brightness (4 cd/m
2) compared to 7·BF4 – Table 4. 
However, the lifetimes of all the devices are comparable (~30 s), suggesting that the role of the 
BF4 counter-ion has no damaging impact on the device stability, as well as the reason for the 
resistance drop of the EIS assays. 
Overall, these measurements pointed, indeed, out that the key strategy to improve device 
performances lies on hindering the irreversible reduction process that generates irreversible 
formation of Ag(0) nanoclusters. Following the strategies pursued in Cu-iTMCs 1–6, we decided 
to employed a multi-layered architecture in which, this time, an electron transporter is deposited 
on top of the Ag-iTMCs layer. We selected electron transporter 2-(4-tert-butylphenyl)-5-(4-
biphenylyl)-1,3,4-oxadiazole (PBD), which is well-known for OLEDs,139 and fabricated device 
with the architecture ITO/7·BF4/PBD/Al. The optimized devices driven at 15 mA featured 
luminances of 7 cd/m2, but a three orders of magnitude enhanced stability of 7.2 h–Figure 28 and 
Table 4. These devices also featured broad whitish electroluminescence with a full width to half-




0.40/0.44 and a good CRI of 85 –Figure 31. This emission feature is ascribed to the formation of 
an exciplex as already reported in literature for multi-layered devices.34,43,140 Indeed, the energy 
levels of both 7·BF4 and PBD highlight the possibility of an exciplex formation with a λmax~540 




Figure 31. Normalized electroluminescence spectra (left) of 7·BF4 at t=0 (orange), t=Lmax (black), 
and at t=t1/2 (green) of 7·BF4/PBD devices driven at pulsed 15 mA, and schematic representation 
of the energy levels in the device (right). The emission from the exciplex is highlighted by an 
orange bracket. 
 
Upon further changing the counter-ion to 7·PF6 the multi-layered devices showed maximum 
brightness of 35 cd/m2 and an extrapolated stability of ≈80 h, which represents an outstanding four 
order of magnitude stability enhancement compared to both 7·PF6 and 7·BF4 pristine devices–
Figure 28 and Table 4.   
Overall, this work provides the first insights into the electroluminescent properties of a barely 
studied family of iTMCs. Single-layered devices show scarce stability of 30 s that is ascribed to 
the formation of metallic silver nanoparticles upon reduction process. This issue is tackled by both 




processes by employing a multi-layered device architecture with the electron transporter BDP. The 
so-fabricated devices show comparable luminance and 104 enhanced stability compared to single-
layered 7·PF6 LECs, and exciplex-based whitish emission. 
 
 
Table 4. Figures-of-merit of single- and multi-layered 7·X devices. 
a. Maximum luminance; b. Time to reach the maximum luminance; c. Time to decay to the half of the maximum luminance 
 
3.2 Nanographene-based LECs 
Among all the types of 3rd generation emitters, SMs are particularly interesting owing to the high 
versatility, the solubility in organic solvents, the usually reversible redox stability, their robustness, 
their high Φ values.11,37 
Different types of families have been employed in SM-based LECs, realizing encouraging results. 
For instance, the green-emitting benzothiadiazole was employed by Edman and collaborators to 
yield LECs with high efficiencies of 2.25 cd/A at a moderate luminance of 45 cd/m2,92 while Costa 
and co-workers reported a stability of more than 1000 h with a porphyrin-bodipy dyad.141 
Moreover, a single-component porphyrin-based white LECs was reported by the same group.142 
The major weakness of SM-LECs is, indeed, the lack of simultaneously bright and stable SM-
LECs, which represents an crucial problem for white SM-LECs featuring luminances barely 
visible by human-eye. This may be ascribed to the limited families of emitters so far tested. Indeed, 
the necessity of robust, efficient emitters with optimal n- and p-doping properties represents a key 










7·BF4 6.5 40 subsec 0.008 0.2 
7·PF6 6.9 131 4.0 0.003 0.6 
7·ClO4 6.0 4 subsec 0.01 0.1 
7·BF4/PBD 4.5 7 0.12h 7.2 0.04 




role in this context. This motivated us to widen the spectrum of families that were considered for 
LECs, and we turned our attention to the family of nanographenes. This appealing yet neglected 
class of compounds, indeed, possess i) high Φ values, ii) good solubility in organic solvents, iii) 
sound stability in solution and upon heating, iv) ambipolar transport properties, and v) easy color 
tunability.143 In particular, we tested firstly a reference archetype hexa-peri-hexabenzocoronene 
with strong green emission. The emitter was further modified through a bandgap enlarging boron-
nitrogen doping-obtaining a B3N3-doped nanographene with strong blue emission in solution and 
thin film. Finally, we turned our attention to a contorted nanographene, whose distortion from a 
planar shape hinders aggregation issues and strongly enhances the solubility in organic solvents, 




3.2.1 LECs based on archetype nanographenes 
Elisa Fresta, Jacopo Dosso, Juan Cabanillas-Gonzalez, Davide Bonifazi and Rubén D. Costa, 
Revealing the impact of heat generation using nanographene based light-emitting electrochemical 
cells, ACS Appl. Mater. Inter., 2020, DOI:10.1021/acsami.0c06783. 
As already mentioned above, nanographenes are an interesting family of emitters that have barely 
been investigated in lighting application.144 As they show great color tunability, we decided to start 
exploring their electroluminescence behavior by selecting a green-emitting archetype 
hexaperihexabenzocoronene (8)– Figure 32.145 The color selection was motivated by the lack of 
green-emitting SMs-LECs,92,146–149 that contrast to the large number of blue-150–158 or red-
emitting91,92,142,159–165 SMs-LECs. Moreover, device stability barely reaches 20 minutes. In this 
context, 8 may provide interesting results, owing to its high robustness, its good ambipolar 





Figure 32. Chemical structure of 8. 
As a standard step before the fabrication of devices, thin films of pristine 8 and of 8 with the IP 
mixture used in devices were prepared – i.e., 8:PS:PEO:LiOTf in a mass ratio 10:0.9:2.6:0.78. This 
IP matrix is has been reported only sporadically for SM-LECs,166 while the IP TMPE:LiOTf is 
usually favored. The latter had to be discarded owing to layer morphology issues. They exhibited 
a well-structured green emission centered at ca. 500 nm, and Φ values of 23.1% and 14 % with 
and without ionic polyelectrolyte – Figure 33. 
 
Figure 33. Photoluminescence spectrum of 8 thin films (λexc 405 nm) without (orange) and with 
polyelectrolyte matrix. 
Standard single-layered LECs were fabricated and driven at the pulsed current of 15, 25, and 55 
mA. They exhibited luminances of 157, 233, and 343 cd/m2, and lifetimes of 5.8 h, 3.8 h, and 3 h 
for 15, 25, and 55 mA, respectively – Figures 34 and Table 5.  Noteworthy, the performances of 




the important role of nanographenes in widening the horizons of possible emitter families for SM-
LECs.92,147–149 
 
Figure 34. Luminance (left) and average voltage (right) over time of 8 devices driven at pulsed 15 
mA (orange), 25 mA (black), and 55 mA (green). 
The electroluminescence response shows, however, unexpected changes over time. Regardless of 
the applied current, at the very beginning a broad emission band centered at λmax= 525 nm yields 
a green emission with x/y CIE color coordinates of 0.31/0.49 –  Figures 35. However, the 
electroluminescence maximum red-shifts over time, reaching 545 nm with a shoulder at 505 nm 





Figure 35. Change over time in the electroluminescence spectra of 8 devices driven at pulsed 15 
mA (top left), 25 mA (top right), and 55 mA (bottom). 
 Interestingly, both the time to reach a stable electroluminescence spectrum and its shape depend 
on the applied current. In detail, the electroluminescence spectrum does not show remarkable 
changes after 120 s, 30 s, and 8 s for devices driven at 15, 25, and 55 mA, respectively. However, 
the emission energy onset (E0,0) remains unchanged, suggesting that the emission is coming from 
the same excited state.  Overall, the electroluminescence emission appears to be very different 
from the photoluminescence; however, this divergence is put into context upon close inspection of 
the photoluminescence features, which show a fine vibrational structure covering all the spectral 
range from 476 to 590 nm – Figure 33. The latter can be altered by both the electric field and the 




Indeed, self-heating is generated by a combination of both Joule effect and the non-radiative decay 
of excitons.136 In particular, the internal temperature of the devices may reach values higher than 
80 ºC.136,167 The temperature increase also affects the device chromaticity, as it renders upper 
vibrational states available, thereby broadening the emission band. Thus, the higher the applied 
current is, the higher the heat generation is. 
At first, the temperature dependency of the photoluminescence of 8-films was analysed, 
performing the measurement under vacuum upon increasing temperature from rt to 475 K (202 
°C) – Figure 36. Unusually, the emission intensity rises with increased temperature, reaching a 
value that is 5-fold increased at temperatures of 152 °C. This may be due by a change in the layer 
morphology. More strikingly, the emission band shape changes over time, promoting emission 
from the low-energy vibrational peaks at higher temperatures. This leads to a color emission 
change from green to green-yellow that resembles those in the devices. We can discard the 
presence of phosphorescence processes as the τ for both the emission maxima (at λmax of 486 and 
600 nm) are of 3 ns. 
 
Figure 36. Photoluminescence spectrum of 8 thin films at different temperatures (see legend) under 
vacuum. 
Next, we measured the temperature rise trend in devices driven at different currents by using a 
thermal camera, finding a strong correlation between the increase of the pixel temperature and the 
spectral changes regardless of the driving conditions. The temperature increases abruptly in the 




driven at 15, 25 and 55 mA, respectively. In parallel, the temperatures reached are of 42°, 47° and 
83° C. Interestingly, the time to reach the plateau temperature nicely fits with the time to stabilize 
the electroluminescence response under pulsed driving mode – i.e., 2 min, 20 s, 8 s, for 15, 25, 55 
mA, respectively–Figure 37.   
Finally, we tested devices driven at constant applied voltage of 3.5, 4.5, and 6 V, which exhibited 
similar efficiencies and both lower luminance and stability values compared to those driven at 
pulsed current – Table 5. The electroluminescence response, however, exhibited the same initial 
green and broad electroluminescence spectrum – i.e., λmax= 520 nm; x/y CIE color coordinates of 
0.29/0.44 – regardless of the applied voltage, while a slow change until a stable yellowish green 
electroluminescence band is reached – i.e., λmax = 548 nm; x/y CIE color coordinates of 0.44/0.53. 
The time to reach a stable emission band decreases linearly from 32 min, to 13.2 min, to 7.2 min 
for devices driven at 3.5, 4.5, and 6 V, respectively, which, again, corresponds to the time to reach 
the plateau temperature observed in devices – Figure 37. These are accompanied by maximum 
temperatures of 35 °C, 36 °C, and 59 °C for 3.5 V, 4.5 V, and 6 V, respectively – Figure 6. The 
reason underlying the lower temperatures may be the reduced current density compared to the 
pulsed driving mode – i.e., 12.5 mA at 6 V. 
 
Figure 37. Left: Temperature rise over time for 8-LECs driven at pulsed 15 (orange), 25 (black), 
and 55 mA (green). Right: Temperature rise over time for 8-LECs driven at constant 3.5 (orange), 




Importantly, we confirmed that the changes of the electroluminescence spectra were generated 
exclusively by the electric field and the temperature rise, and not by degradation processes. To this 
end, we performed i) L-I-V scans, in which 8 demonstrated a sound stability upon electrical stress, 
ii) EIS assays, in which both fresh and used devices showed an ideal LEC response, highlighting 
the absence of degraded species, and iii) absorption and emission of fresh and used device, that 
showed no important difference.  
Here, it was above mentioned that 8 shows a usual enhancement of the emission intensity upon 
increased temperature. This was also reflected in an enhancement of the Φ values, as calculated 
by the ratio of the integrated area of absorption and emission peaks at the corresponding 
temperature. Indeed, considering the Φ of ca. 23 % at 25 ºC as reference, a significantly enhanced 
Φ of to 37 % is measured at 83 ºC – Figure 38. 
 
Figure 38. Change in the Φ/Φrt values at different temperatures. The fitting is indicated by a 
green line. 
 
This should also lead to an increase of the radiative decay (φ) in devices. 8-LECs only presents 
fluorescent emission, which means that the maximum φ is ¼ of Φ in thin films, as, statistically, ¼ 
of the electron-hole recombination produces singlets. Here, the EQE is defined as EQE= bφ ⁄2n2, 
where b is the recombination efficiency (equal to 1 for two ohmic contacts), and n is the refractive 
index of the glass substrate and is equal to 1.5 (the factor 1/2n2 represents the light out-coupling 
of the device). That implies that the EQE is also temperature-dependent, assuming that b and n do 
not change significantly with temperature. Thus, this should follow the same trend of Φ. As an 




experimental EQE values feature important decrease with the increasing temperature, regardless 
of the driving mode and conditions– Figure 39.  
To shed light on this curious phenomenon, we calculated the ratio between experimental and 
theoretical EQE values (EQEexp/EQEtheo. At pulsed currents of 15, 25, and 55 mA,  values 
are 0.067, 0.019, and 0.0057 considering Φat 25 ºC, while  values of 0.047, 0.013, and 0.0036 
are recalculated taking into account the pixel working temperature. Likewise, devices driven at 
constant bias of 3.5, 4.5 and 6 V show a  value of 0.27, 0.15, 0.010 as well as 0.20, 0.11, and 
0.0067 with and without considering pixel temperature, respectively. Next, we can get an 
estimation of the % error – i.e., ((ηnc-ηc)/ηnc) × 100 – between the uncorrected (ηnc) and corrected 
(ηc) values with the temperature, regardless of the driving mode – Figure. Importantly, this error 
can be as high as 35 % at usual working temperatures (50 °C).  
 
 
Figure 39. EQE% (top left), ηc % (top right), ηnc % (bottom left), and difference ηnc - ηc % 





Overall, this contribution provides two important findings. Firstly, it illustrated the positive role in 
nanographenes in providing SMs-LECs with excellent balance between brightness and stability. 
Secondly, it shed light onto a previously neglected topic, that is, self-heating in LECs, pointing out 
the necessity of taking temperature rise into account when performing device optimization.  
 
Table 5. Figures-of-merit of 8 devices. 
      a. Maximum luminance; b. Time to reach the maximum luminance; c. Time to decay to the half of the maximum luminance. 
 
 
3.2.2 LECs based on BN-doped nanographenes 
Elisa Fresta, Jacopo Dosso, Juan Cabanillas-Gonzalez, Davide Bonifazi and Rubén D. Costa, 
Origin of the exclusive ternary electroluminescent behavior of BN-doped nanographenes in 
efficient single-component white light-emitting electrochemical cells, Adv. Funct. Mater, 2020, 
DOI:10.1002/adfm.201906830.  
In the context of white LECs, multi-emissive white emitters are highly desired. Here, there are 
four different approaches to achieve white LECs. First, a host:guest strategy in which a large band 
gap host is mixed with a smaller band gap guest. They are, however, highly sensitive to i) the 
applied voltage/current, ii) the phase separation over time, iii) the ratio between the emitters, and 
iv) the relative stability of each component. Second, multi-layered architectures based on either 
tandem or color down-converting schemes are commonly employed. However, they often show 
complicated and high-cost fabrication processes, which render them less reproducible and 
sustainable.168,169 The third strategy regards to white-emitting excimers or exciplex species.43,170 
Driving 
mode 
Lmaxa tonb t1/2c Etot Efficacy EQE 
x/y CIE color 
coordinates  
( t0- t1/2) (mA) (cd/m2) (h) (h) (J) (cd/A) (%) 
15 mAa  157 0.008 5.8 483 0.20 8.6E-2 0.31-0.37/0.49-0.52 
25 mAa  233 0.004 3.8 469 0.18 2.3E-2 0.31-0.38/0.49-0.52 
55 mAa  343 0.003 3.0 545 0.12 7.2E-3 0.31-0.36/0.49-0.54 
3.5 V 12 0.20 5.5 35 0.12 3.4E-1 0.29-0.32/0.44-0.44 
4.5 V 36 0.05 0.23 4.4 0.20 1.9E-1 0.30-0.33/0.44-0.46 




This has, however, yielded poorly efficient devices due to the low Φ of these emitting species. 
Finally, the fourth strategy focused on designing white-emitting molecules for single-component 
WLECs. Various examples have already been reported in literature.34,140 For instance, Edman and 
Pei groups have reported on CPs with multi-fluorophoric units that led to white LECs with 
encouraging performances, i.e., efficiencies of ca. 3 cd/A, color rendering index (CRI) of ca. 80, 
and stabilities of few hours. Costa and co-workers reported on single-component white SM-LECs 
with TIPs-functionalized pentacenes160 and free-base porphyrins142, whose performances, 
however, showed low efficacy (<0.1 cd/A). Herein, we report the first example of a single-
component white-emitting SM-LEC with high efficacy and good stability. 
In particular, we turned our attention to a promising class of emitters, namely BN-doped 
nanographenes with the B3N3 doping pattern – i.e., hexa-peri-hexabenzoborazinocoronene or 9 as 
shown in Figure 40.  
 
Figure 40. Chemical structure of 9. 
The emitter shows blue fluorescence in solution and thin films, featuring a well-structured band 
centered at λmax 415 nm, Φ = 22.1%, and excited state lifetimes (τ) of ca. 3 ns– Figure 41.   This 
encouraged us to further proceed in the fabrication of 9-based LECs built as ITO/PEDOT:PSS(70 
nm)/9:polystyrene(PS):polyethylene oxide (PEO):LiOTf 10:0.9:2.6:0.78 (100 nm)/Al(90 nm). 
Surprisingly, devices run at pulsed 5 mA showed white electroluminescence covering the entire 
visible range and peaking at 435, 505, and 695 nm with shoulders at 550 and 750 nm, x/y CIE 
coordinates of 0.28/0.31, and a high CRI of 89 – Figure 41. Upon device driving, the emission 
color varies slightly to final x/y CIE coordinates of 0.31/0.38. Importantly, the device 
performances stand out compared to other SM-LECs, exhibiting luminances of 48.6 cd/m2 




The reasons of this unusual white electroluminescence could be related to several aspects, namely 
i) an interaction with the ionic matrix that is added to the layer to give it the necessary ion mobility, 
ii) the presence of degradative species, iii) aggregation phenomena, iv) the formation of exciplexes 
or electromeric species, and v) thermally-induced emission.  
We therefore started analyzing if there is a possible interaction between 9 and the electrolyte 
matrix. To this end, we performed 1H-NMR assay of 9, the electrolyte matrix, and the combination 
of the two in solution at increasing concentration of the matrix (up to 100 times), in order to 
produce a quasi-solid state, in which the component may easily interact. However, the 1H-NMR 
spectra still showed a pattern that was the exact sum of the two components.   
Noteworthy, as the electroluminescence is white since the very beginning of the device lifetime, 
indicating the lack of degradation, as the presence of degradative species should increase over 
time. However, we compared absorption and emission spectra of fresh and after-lifetime devices, 
which do not show relevant differences, highlighting the absence of degradation.167 
Additionally, we used EIS assays to analyze the resistance behavior of both fresh and after lifetime 
devices. The ionic resistance (σ) values are of of 1 × 106 Ω and 1 × 105 Ω at 0 V for fresh and after 
lifetime devices, respectively. The decrease in the ionic resistance can be attributed to the 
remaining polarization obtained after biasing the device, and suggests that no degradative event 
took place. Furthermore, the value of σ is significantly recovered (78% or 0.78 × 106 Ω) after 
heating up the devices at 90 °C, which indicates a good electrochemical reversibility.142,171,172 
Next, we turned our attention to the possibility of aggregation issues. This is not a satisfactory 
explanation as aggregated species usually show broad and shapeless emission bands and low 
efficiencies, which contrast with the high efficiencies (1-3 cd/A) and the well-structured emission 
shape of 9-LECs. Aggregates also yields broad photoluminescence spectra, which is not the case 
of 9, that shows blue emission and no peaks in the red region. Moreover, the use of the electrolyte 
matrix with a high amount of polystyrene hinders the formation of aggregated species. 
 The exciplex emission was discarded preparing a single-layer device with Ag cathode as a 
replacement for the standard Al cathode.170,173 The electroluminescence response, however, still 
corresponds to a white emission. These devices also exhibit good luminances of 69.1 cd/m2 and 




Exciplex or electromeric species may be generated by a pair of 9 molecules in ionic and cationic 
form. Electromers are formed only upon the application of an electrical field.43,85,170,174 As such, 
new devices with increased PS amount and thickness were prepared, in an attempt to reduce the 
inner electric field. These devices were also driven at 9V pulsed voltage to assess the driving mode 
influence on the electroluminescence response. Once again, the electroluminescence response was 
white, featuring a broad band peaking at 435, 560, 690, and 750 nm – Figure 42. 
 
Figure 41. Photoluminescence spectrum of 9 thin films with electrolyte matrix (orange) and 
without (green), (top left), and electroluminescence spectra at different times (see legend) of 9 
devices with Al cathode measured at pulsed 5 mA (bottom left), with Ag cathode measured at 
pulsed 5 mA (top right), and with Al cathode measured at pulsed 9 V (bottom right). The light blue 




spectrum and the shoulder in the electroluminescence spectrum of 9 devices with Al cathode 
measured at pulsed 5 mA. 
 
  
Figure 42. Average voltage and luminance vs time for 9 devices with Al cathode run at pulsed 5 
mA (top left), with Ag cathode run at pulsed 5 mA (top right), and current and luminance vs time 
for thick 9 devices driven at constant 9 V (bottom).  
Finally, we focused on a possible thermally induced emission. First, we studied the 
photoluminescence dependency upon increasing temperature of 9 thin films. Upon heating, two 
well-structured bands appear at 530 and 700 nm, yielding a broad whitish photoluminescence that 





Figure 43. Photoluminescence spectra of 9 thin films at different temperatures (see legend). 
Next, the nature of the excited states was determined by measuring the average <τ> at 400 nm, 
525 nm, and 700 nm, which corresponds to 3.2 ns, 5.8 μs, and 12.3 μs. While the first τ involves 
pure fluorescence, the other two are related to phosphorescence, and, in particular, to different 
triplet states. Importantly, ternary emission is more prominent in devices, as statistically triplets 
are formed 3-times as often as singlets. Additionally, the temperature of the devices can reach up 
to ~80 °C, as highlighted in the previous section.175 This further contributes to the promotion of 
triplet excited states. In this context, differences in temperature due to various device driving 
modes can explain the slight change of the electroluminescence in different devices and over time.  
To summarize, we implemented a blue-emitting BN-doped nanographene in LECs that showed 
good luminance (50-70 cd/m2) and efficiency (2-3 cd/A), and white electroluminescence with x/y 
CIE coordinates of 0.29-31/0.31-38 and average color rendering index (CRI) of 87. We attributed 
the rare electroluminescence behavior to a ternary emission mechanism involving fluorescence 
and thermally activated dual phosphorescence. The latter is enhanced by both temperature, which 
can be as high as 80 °C upon device driving, and electric field. This represents the first example 







Table 6. Figures-of-merit of 9 devices. 
 a. Maximum luminance; b. Time to reach the maximum luminance; c. Time to decay to the half of the maximum luminance. 
 
 
3.2.3 LECs based on contorted nanographenes 
Elisa Fresta, Kevin Baumgärtner, Juan Cabanillas-Gonzalez, Michael Mastalerz, and Rubén D. 
Costa, Bright, Stable, and Efficient Red Light-emitting Electrochemical Cells using Contorted 
Nanographenes, Nanoscale Horiz., 2020, 5, 473–480. 
Stable and efficient third-generation red-emitters are highly desired. Numerous research groups 
have investigated red-emitting SMs like perylenes, benzothiadiazoles, pentacenes, porphyrins, 
BODIPY-porphyrin dyads, and cyanines.91,92,159–161,164 However, SM-LECs combining high 
irradiances along with stabilities of hundreds of hours have not been realized yet. Indeed, while 
the best stabilities (~1000 hours) are accompanied by low irradiances (0.1-1 μW/cm2),159,164 the 
best luminances (750 cd/m2) come at the price of low stabilities (15 hours).92 
In this context, we turned our attention to a highly contorted nanographene, that is, a 
hexabenzoovalene (HBO) – i.e., 10 as shown in Figure 44, as a promising candidate for red-
emitting SM-LECs. Indeed, the family of contorted nanographenes has attracted enormous interest 
as it holds the positive features of the nanographene family, but feature enhanced solubility in 
common organic solvents compared to rigid nanographenes.176,177 However, to the best of our 




Lmaxa tonb t1/2c Efficacy 
x/y CIE color 
coordinates  
( t0- t1/2) (mA)  (cd/m2) (h) (h) (cd/A) 
5 mAa  Al 48.6 4.7 32.9 2.1 0.28-0.31/0.31-0.38 
9 V  Al 32.7 1.1 25.6 1.0 0.30-0.35/0.31-0.39 





Figure 43. Chemical structure of 10.  
 
We firstly investigated the photoluminescence features of 10 thin-films, which consist of a broad, 
well-structured emission band with peaks at λmax of 598 nm and 647 nm, as well as a Φ value of 
23% and τ of 3.2 ns – Figure 45. Next, we fabricated devices with the architecture 
ITO/PEDOT:PSS(70 nm)/10:TMPE:LiOTf 1:0.15:0.05(70 nm)/Al(90 nm). 
 
Figure 45. Photoluminescence spectrum of 10 thin films. 
These devices were driven at pulsed currents of 25 mA and showed the typical LEC features, that 
is, an initial decrease of the applied voltage along with an increase of the luminance as the EDLs 
start to build up and assist charge injection. The devices achieved irradiances of ca. 220 μW/cm2 
along with stabilities over 200 h, as well as power efficiency and EQE values of 0.74 lm/W and 




theoretical EQE (1.15%), which is an outstand result considering that no host-guest optimization 
has been performed. Overall, 10-LECs represent the first bright and stable red-emitting SM-LECs. 
The electroluminescence response of 10-LECs features a broad emission peaking at 600 and 650 
nm. However, the device chromaticity changes over time. In detail, the intensity ratio between the 
high-energy vibrational peak (h-peak; 600 nm) and low-energy vibrational peak (l-peak; 650 nm), 
herein called h/l, changes over time, increasing from 0.99 to 1.23 during the first 40 hours, holding 
constant up to 100 h, and then abruptly decreasing (1.13) until the device lifetime was reached –
Figure 46. Consequently, a slight change in the x/y CIE color coordinates follows, namely 
0.59/0.40 to 0.59/0.41, and finally to 0.61/0.39. It is important to remark that these changes are 
barely noted by the human eye. 
 
 
Figure 46. Average voltage, irradiance, and h/l ratio (left), as well as electroluminescence spectra 
(right) over time (see legend) for 10 devices driven at pulsed 25 mA current. 
 
The reason of the chromaticity change over time may be ascribed to different causes, such as 
degradation,142,178 phase separation or changes in the layer’s morphology,85,179 and/or changes of 
the local electric field distribution and intensity.180–183 
Firstly, we investigated the possible presence of degradative species. Here, new quenching species 
would affect the h- and l- peaks in a different measure. However, the intensity changes of the two 




constant at 2.38 eV (520 nm).95 Moreover, fresh and used devices show comparable absorption 
and emission features.95 
Therefore, we turned our attention to the relationship between electrical and chromaticity changes 
over time. Indeed, changes of the local electric field may influence the dipole moment and 
orientation of the emitter, which may favor different vibronic states and emission quenching over 
time. We selected four different strategies to increase the externally applied electric field, namely 
i) measuring consecutive L-I-V scans in which the voltage is changed over time in a ramp manner, 
ii) increasing the driving current, and, consequently, the average driving voltage, iii) changing the 
duty cycle, thereby affecting the duration of the applied voltage, and iv) decreasing the active layer 
thickness from 70 nm (thick) to 30 nm (thin)142,184,185  
As a first step, L-I-V scans in the range of 0-6 V with a scan rate of 300 mV/s were performed. 
The devices showed a red emission response starting at low applied voltages of ~2.5 V. 
Importantly, the maximum irradiance does not change over time, highlighting the sound stability 
of 10 upon bias – Figure 47. 
 
Figure 47. Repetitive 0-6 V L-I-V scans of 10 devices (left), and h/l ratio upon applied voltage 
(right, the legend indicates the scan number). 
The electroluminescence spectrum consists of a broad emission band with two peaks at 600 nm 
and 650 nm, as already noticed for devices driven at pulsed mode. Importantly, the h/l ratio 
changes slightly over time (< 0.1 unit), exhibiting the same values at each steps of the five L-I-V 




Next, the driving current was increased to 50 mA, leading to devices with irradiances of 370 
μW/cm2, EQEs of 0.52%, and stabilities of 24 h – Figure 48 and Table 7.  The electroluminescence 
behavior shows the same trend in the h/l peak intensity ratio as commented before. In detail, a 
higher h/l value compared to for devices driven at 25 mA (1.25 vs 1.40) was noted.  This reinforces 
the hypothesis on a correlation between chromaticity change and electrical field intensity. 
 
Figure 48. Average voltage, irradiance, and h/l ratio (left), as well as electroluminescence spectra 
(right) over time (see legend) for 10 devices driven at pulsed 50 mA current. 
 
Next, the duty cycle was varied by driving devices for three times at four different duty cycle 
values (25, 50, 75, and 100%) for a short time (<5 minutes), in order not to generate over 
oxidized/reduced species that could hamper the measurement. This measurement provided two 
relevant pieces of information, that is, i) the h/l ratio varies with the duty cycle, spanning from 
1.02 (25% duty cycle), to 0.90 (50%), 0.87 (75%), and 0.85 at 100% duty cycle, and ii) h/l showed 
always similar values for the different duty cycles in each scan. This confirms both the influence 
of the external electric field onto the electroluminescence, and the reversibility of this effect on the 
devices.  
Finally, thin devices (30 nm) driven at pulsed current of 25 mA were studied –Figures 49 and 
Table 7. They feature lower irradiance of~ 30 μW/cm2, along with an outstanding stability of 3600 
h (measured) and >13.000 h (extrapolated). These represents one of the most stable LECs ever 




value increases up to 1.90. The color chromaticity changes more significantly, with x/y CIE 
coordinates that range from 0.59/0.40 to 0.63/0.36, while the emission response shows a shoulder 
at 670 nm appearing after 1000 h of measurement and rising over time. 
 
Figure 49. Average voltage, irradiance, and h/l ratio (left), as well as electroluminescence spectra 
(right) over time (see legend) for thin (30 nm) 10 devices driven at pulsed 25 mA current. 
 
After isolating the external electric field effect as the major cause of the device chromaticity, we 
proved it with dynamic EIS assays held at constant voltage of 3 V. As shown in Figure 50, both 
the h/l peak intensity ratios and the internal electric field experienced by the emitters show similar 
trends over time. Indeed, the internal electric field is high at the beginning, but it rapidly decreases 
as the building up of the doped regions take place, until it reaches a minimum value after 0.42 h. 
This is accompanied by both the reduction of the resistance from 86.8 Ω to 25.9 Ω and the increase 
of the capacitance Cgeo from 8.35 x 10
-9 to 8.85 x 10-9 F. Importantly, this perfectly corresponds to 
the time required to reach the maximum in the h/l peak intensity ratio. Then, the internal electric 
field starts slowly rising over time, as the neutral region shrinks and the h/l ratio decrease over 






Figure 50. Current and irradiance over time (top), and internal electric field and h/l ratio over time 
(bottom) of 10 devices driven at constant 3V. 
Overall, this work reports on a contorted nanographene that simultaneously provides bright (221 
μW/cm2) and stable (>200 h) devices, while an optimized device featured record stabilities of 
3,600 h (measured) and 13,000 h (extrapolated). Its electroluminescence response shows an 
interplay between a high-energy (λmax 600 nm) and a low-energy (λmax 650 nm) vibrational state. 
This is ascribed to the changes in the inner electric field that is felt by the molecule. 
Table 7. Figures-of-merit of 10 devices. 
      a. Of the active layer. b. Maximum luminance; c. Time to reach the maximum luminance; d. Time to decay to the half of the maximum 




Thicknessa Irradiancemaxb tonc t1/2d Efficiency EQE 
x/y CIE color 
coordinates  
( t0- t1/2) (mA) (nm) (cd/m2) (h) (h) (lm/W) (%) 
25 mA  70 218 23.9 204.8 0.74 0.78 
0.59-0.40/0.61-
0.39 
50 mA  70 371 2.4 24.6 0.48 0.52 
0.59-0.40/0.61-
0.39 






4. Other works related to this thesis 
 
4.1 Original papers 
 
1. Elisa Fresta, Giorgio Volpi, Marco Milanesio, Claudio Garino, Claudia Barolo and Rubén D. 
Costa, Contextualizing Yellow Light-Emitting Electrochemical Cells Based on a Blue-Emitting 
Imidazo-Pyridine Emitter, Polyhedron, 2018, 140, 129–137. 
We investigated a promising blue emitting pirydilimidazopirydine SM featuring a low-cost and 
facile synthesis, excellent redox properties, and a high Φ of 0.4 associated to a blue emission (λmax 
436 nm) in solution.186 However, it yielded low-performing yellow-emitting devices due to 
aggregation. The phenomenon was firstly rationalized by studying absorption and 
photo/electroluminescence responses of both the emitter alone and diluted in a polymeric matrix. 
Then, it was put into context by obtaining a comparable efficacy with a LEC comprising an Ir-
iTMC bearing the small molecule as ancillary ligand.  
2. Asterios Charisiadis, Anthis Bagaki, Elisa Fresta, Katharina T. Weber, Georgios Charalambidis, 
Christina. Stangel, Anthonios G. Hatzidimitriou, Panagiotis A. Angaridis, Athanassios 
Coutsolelos and Rubén D. Costa, Peripheral Substitution of Tetraphenyl Porphyrins: Fine-Tuning 
of the Self-Assembling towards Enhanced Electroluminescence, Chem Plus Chem, 2018, 83, 254–
265. 
We studied the change of electroluminescence in zinc porphyrins by changing their side chains, 
i.e., with the length of the chains ranging from 2, to 6, and to 12 carbon atoms.187 The molecules 
were processed into thin films. Depending on the length of the lateral chains, they were classified 
into ordered or disordered films. As a consequence, the electroluminescence response of the 
ordered films occurred at lower bias and was almost one order of magnitude higher compared to 
the disordered ones.  
3. Elisa Fresta, Miguel A. Monclús, Morten Bertz, Cintia Ezquerro, Jon M. Molina-Aldareguia, 
Jesús R. Berenguer, Masahiro Kunimoto, Takayuki Homma and Rubén D. Costa, Key Ionic 
Electrolytes for Highly Self-Stable Light-Emitting Electrochemical Cells Based on Ir(III) 




Another important neglected point in LECs is the optimization of the electrolyte matrix to achieve 
improved self-stabilities of both flexible and traditional glass-substrate LECs. Self-stability is 
defined as how changes in morphology, photoluminescence, and ionic/electrical conductivities of 
the active layers, stored under ambient/ inert atmospheres or exposed to mechanical stress, affect 
device performances at different driving modes. Therefore, we performed a comprehensive study 
on the impact of the ionic electrolyte on the self-stability upon storage and mechanical stress of 
rigid and flexible Ir-iTMC-based LECs.188 In contrast to previous literature reports, devices with 
ionic polyelectrolyte featured higher brightness, stability, and storage stability compared to devices 
with only the Ir-iTMC or with ionic liquid. These findings are supported by steady-state and time-
resolved emission spectroscopy, electrochemical impedance spectroscopy, microscopic, and 
mechanical assays, along with the analysis of fresh and aged devices driven at different modes 
under inert/ambient conditions. Overall, this work opens a new debate regarding new emitter: 
electrolyte combinations towards realizing highly self-stable LECs.  
4. Cintia Ezquerro,+ Elisa Fresta,+ Elena Serrano, Elena Lalinde, Javier García-Martínez, Jesús R. 
Berenguer and Rubén D. Costa, White-Emitting Organometallo-Silica Nanoparticles for Sun-Like 
Light-Emitting Diodes, Mater. Horiz., 2019, 6, 130–136. 
+ authors contributed equally 
 Another important field covered during this thesis regards hybrid LEDs. Our group achieved the 
first white-emitting organometallo-silica nanoparticles, in which blue-, green- and red- 
alcoxysilane Ir-iTMCs are simultaneously included as the core of the silica nanoparticle.189 The 
combination of the emission features of the three complexes leads to a white emission that is stable 
under different stress scenarios. As such, the nanoparticles were used as color down-converters to 
develop single-component hybrid organic-inorganic white LEDs featuring sun-like color quality 
with stabilities of more than two thousand hours. This represents one of the most stable white 
hybrid LEDs reported so far.  
5. Elisa Fresta, Julio Fernández-Cestau, Belén Gil, Patricia Montaño, Jesús R. Berenguer, Maria 
Teresa Moreno, Pedro B. Coto, Elena Lalinde, and Rubén D. Costa, Versatile Homoleptic 
Naphthyl-Acetylide Heteronuclear [Pt2M4(CC-Np)8] (M = Ag, Cu) Phosphors for Highly 




Orange- and red-emitting Platinum (Pt)-based clusters, namely [Pt2Ag4(CC-1-
Np)8]C96H56Ag4Pt2 [Pt2Ag4(CC-1-Np)8]C96H56Cu4Pt2, where Np is 1-methylnaphtalene, were 
for the first time reported.190 They were used as color down-converters to yield hybrid LEDs with 
NIR emission centered at 730 nm, color purity close to 0.99, and remarkable efficiencies of ≈1.5 
lm/W, that is comparable to commercial NIR-LEDs, and ii) daylight white LEDs with efficiencies 
of 75 lm/W and stabilities of >500 h.  
4.2 Reviews and book chapters 
 
As a complement to the research work, I have participated in the writing of five reviews focused 
on:  
1. New emitters and device designs for LECs: Elisa Fresta, Rubén D. Costa, Beyond Traditional 
Light-Emitting Electrochemical Cells-a Review of New Device Designs and Emitters, J. Mater. 
Chem. C, 2017, 5, 5643–5675. 
2. Recent advances in white LECs: Elisa Fresta, Rubén D. Costa, Advances and Challenges in 
White Light-Emitting Electrochemical Cells, Adv. Funct. Mater., 2020, DOI: 
10.1002/adfm.201908176. 
3. White perovskite based lighting devices: Maria Bidikoudi+, Elisa Fresta+, Rubén D. Costa, 
White-Emitting Perovskite Based Lighting Devices, Chem comm., 2018, 54, 8150–8169. 
 + authors contributed equally 
4. Biogenic and bio-inspired materials for solid-state lighting: Elisa Fresta, Veronica F. Luna, 
Pedro B. Coto and Rubén D. Costa, Merging Biology and Solid-State Lighting: Recent Advances 
in Light-Emitting Diodes Based on Biological Materials, Adv. Funct. Mater., 2018, 28, 1707011. 
5. Polypyridyl ligands employed in solid-state light-emitting devices: Babak Pashaei, Soheila 
Karimi, Hashem Shahroosvand, Parisa Abbasi, Melanie Pilkington, Antonino Bartolotta, Elisa 
Fresta, Julio Fernández-Cestau, Rubén D. Costa and Francesco Bonaccorso, Polypyridyl Ligands 





In addition, a book chapter regarding the application of the best iTMCs in LECs: Elisa Fresta, 
Rubén D. Costa, Applying Ionic Transition Metal Complexes to Light-Emitting Electrochemical 
Cells, accepted. 
5. Progress achieved by others during this thesis 
 
Other research groups have actively contributed to progress the field of d10-iTMCsand SMs based 
LECs over the period of this PhD.  
Regarding Cu-iTMCs, Bolink and collaborators reported on the positive effect of biphosphane and 
halogen functionalization of the N^N ligand.83 The champion device with [Cu(6,6'- 
Cl2bpy)(xantphos)][PF6] showed high luminances of 259 cd/m
2 and EQEsof 1.2% upon driving at 
pulsed 100 mA/cm2. This was, however, accompanied by a low stability of 5 minutes. The same 
year, this group investigated the effect of theCF3-substitution in [Cu(bpy)(P^P)][PF6] on the device 
performances, obtaining the best results with [Cu(xantphos)(6-CF3bpy)][PF6]. This device 
exhibited luminances of 131 cd/m2 along with a good stability of 31 h upon driving at pulsed 
current of 10 mA/cm2.76 In a further contribution, they  analyzed the impact of  6-alkoxy, 6-
alkylthio,6-phenyloxy and 6-phenylthio-substitution at the bpy ligand on the device figures-of-
merit.77 The most performing complex,[Cu(6-phenylObpy)(POP)][PF6] realized  devices with 
luminances of 80 cd/m2 and stabilities of 45 h when driven at pulsed 50 mA/cm2. Finally, they 
combined the functionalization of Xantphos with bidentate phosphane groups and the employment 
of a PEDOT:PSS with reduced ionic conductivity to achieve outstanding luminances of 355 cd/m2, 
efficiencies of 3.6 cd/A, and EQE of 1.2% upon driving the devices at 100 mA/cm2.191 
Nonetheless, the device stability was limited to 14 minutes. 
To the best of our knowledge, no other group reported progress in the Ag-iTMCs field during this 
thesis. However, Yersin et al. have started to explored the TADF features of Ag-iTMCs indicating 
that this type of complexes could be of high interest for thin film lighting.86,192 
In SM-LECs field, much research efforts were put into exploring the field of deep-red and NIR-
emitting LECs.193,194 In 2017, Jenatsch et al. reported on a highly optimized host-guest system 




at 10 mA/cm2, featuring luminances of 30 cd/m2, stabilities of 0.25 h, and EQEs of 0.36%, which 
is nearly half of the theoretical one (0.81).  
In 2019, Edman’s group implemented a star-shaped diketopyrrolopyrrole–Zn-porphyrin 
compound in LECs featuring λmax 900 nm and a remarkable irradiance of 36 µW/cm
2.195 This 
represents the most red-shifted emission reported so far in LECs.  
Another appealing topic is the implementation of TADF emitters into LECs. Edman’s group firstly 
reported on a host-guest system with CBP and 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile 
(4CzIPN), a commercially available TADF emitter that delivered 228 cd/m2 at pulsed current 
density of 77 mA/cm2. This represented an important step forwards compared to previous 
contributions, in which the luminance was limited to 30 cd/m2.149,196,197  
In a follow-up work, the group proved the effective presence of TADF in devices, as they achieved 
EQE of 7.0%, which would be superior to the theoretical limit if TADF would not take place.166 
This result was achieved by employing 4CzIPN as emitter and a rationalized device architecture 
and polymer electrolyte blend.  
Finally, Choe’s group reported various contribution in the field of blue and green-emitting SMs. 
In 2017, they reported on two novel blue-emitting phenantroimidazole-based ionic emitters, with 
pyrene and naphtalene as fluorophores, respectively.198 Single layered devices showed λmax 485 
and 450 nm, luminances of 277 and 160 cd/m2 at 8 V, and x/y CIE color coordinates of 0.17/0.26 
and 0.17/0.16, respectively. The latter is very close to the x/y CIE color coordinates assigned to 
pure blue (0.15/0.06). In a follow-up work, they characterized two ionic pyrene imidazole 
derivatives that featured LECs with λmax 446 and 487 nm, luminances of 180 and 72 cd/m
2 and x/y 
CIE color coordinates of 0.17/0.18 and 0.18/0.25 at constant driving currents of 55 and 27 mA/cm2, 
respectively.158 They also reported on an ionic phenothiazine derivative that featured green 
emission centered at λmax 499 nm, x/y CIE color coordinates of 0.28/0.43 and luminances of 129 
cd/m2 at 9 V.199 The low efficiency of the device was ascribed to the incapability of the emitter to 
perform efficient n-doping. In 2019, the group reported on the implementation of a carbazole in 
blue-emitting devices, showing λmax 485 nm, luminances of 454 cd/m
2, efficacies of 1.3 cd/A, and 
x/y CIE color coordinates of 0.17/0.33 upon L-I-V scan.154 No information on the device stability 




LECs that showed blue emission (e.g., λmax 459 nm, x/y CIE 0.21/0.22), good efficiencies of 1.85 






















6. Conclusions and Outlook 
 
In section 3.1, Cu-iTMCs and Ag-iTMCs have been analyzed as promising, sustainable 
alternatives to Ir-iTMCs. 
In particular, we firstly focused on i) the complex coordination geometry, (e.g., tri- or 
tetracoordination), ii) ligand sets rationalizing the N^N or P^P ligand functionalization, and iii) 
counter-ions (7·X), to obtain emission color spanning all the visible range along with enhanced 
stability properties. The superior properties of one N^N (2,3) or P^P (4–6) ligand compared to the 
others were assessed by analyzing their photophysical properties (e.g., Φ, thermal stability, 
complex coordination geometry in both ground and excited state), as well as the device 
performances. The latter were firstly investigated in a single-layered architecture, where they 
showed scarce to moderate stabilities. This was ascribed to the irreversible oxidation (4–6) or 
reduction process (7·X), as corroborated with cyclic voltammetry (1–6) spectro-electrochemistry 
(1), and square wave voltammetry (4–6). As such, we proposed a one-fits-all strategy that is based 
on decoupling hole and electron transport from recombination with the use of a multi-layered 
device architecture (1–3, 7·X) or a host guest system (1, 6). In the case of the Cu-iTMCs, the 
oxidation process was hindered by selecting CBP as hole transporter, while Ag-iTMCs required 
the opposite strategy, that is, the employment of an electron transporter (PBD) to avoid the 
reduction process on the emitter. Here, 8-, 10- and 9-fold improved stabilities for blue, yellow- 
and red-emitting Cu-iTMCs, and ~104–fold improved stabilities with green emitting Ag-iTMCs 
were achieved compared to single-layered reference devices. While 1 also presented 8-fold 
improvement in luminance and efficiency, 2–6 showed comparable figures-of merits. 
Additionally, the most promising red Cu-iTMC (6) was used to build the first Cu-iTMCs-based 
white LECs, while the interaction of 7·X with the PDB layer gave rise to an exciplex emission 
with whitish electroluminescence. 
Although these results are encouraging, there are still several issues that will need to be tackled in 
the future. First, the stability of Cu-iTMCs, in general, and of blue-emitting Cu-iTMCs, in 
particular, is still low to allow the achievement of color stable all-Cu-iTMCs based white LECs. 
Additionally, deep-blue emitting Cu-iTMCs have not been reported yet. Moreover, the maximum 




generations (60 cd/A). In this context, an in-depth study on the impact of the TADF emission 
mechanism upon device driving may yield interesting information. 
 Regarding Ag-iTMCs, the field is still in its infancy, and the characterization of differently 
functionalized Ag-iTMCs for LECs is very appealing. However, efficient ways to prevent the 
irreversible reduction impact on the performances, while preserving the device chromaticity 
features needs to be implemented. Positive results may be obtained, for instance, by testing other 
electron transporters. Another solution would be to synthetize Ag-iTMCs that are more robust 
towards the reduction process. 
In section 3.2, different types of nanographenes have been selected as promising candidates for 
LECs. As first take-home message, 8–10 devices all showed excellent performances compared to 
the state-of-art of SM-LECs. In particular, 8 achieved a good balance of high luminances (343 
cd/m2) along with good stability (3 h). 9 showed good luminances of 50-70 cd/m2 and efficacies 
of 2-3 cd/A, which are among the highest reported for SMs-LECs. Finally, 10 showed 
simultaneous high irradiance (>200 μW/cm2) and stability (>200 h) and, in a furtherly optimized 
device, a record stability of 3,600 h (measured) and 13,000 h (extrapolated), at a moderate 
irradiance of 31 μW/cm2. As interesting findings, each one of these emitters exhibited particular 
electroluminescence behaviors related to the temperature and electric field phenomena. In detail, 
8 showed electroluminescence color changes that were ascribed to the rapid rise of temperature 
upon device driving. This provided us a useful tool to study the impact of self-heating onto both 
device chromaticity and performances - e.g., the EQE of a device can be overestimated of a factor 
of 1/3 if temperature rise is not taken into account. 9, a blue-emitter in thin films and solution, 
showed stable white emission regardless of the device architecture, driving condition, and active 
layer composition. This phenomenon was ascribed to a ternary emission involving both 
fluorescence and phosphorescence that is activated by temperature- and electric field. Finally, 10 
exhibited a change in the chromaticity owing to the interplay between a high and a low energy 
excited vibrational modes that was proved to nicely follow the changes of the inner electric field 
felt by the molecule.  
In the future, further efforts have to be performed to achieve better stabilities and luminances. 




of the older generation emitters. A possible strategy would be the employment of charged 
molecules, which do not need an electrolyte matrix, or of a more suitable electrolyte matrix. 
Additionally, further investigations in TADF SMs in LECs using a host:guest approach could be 
seen as a powerful tool to enhance the device efficiency. 
Finally, the search of SM-based white LECs based either on host-guest systems or on single-
component emitters is barely explored, and much more efforts are needed in the near future. 
Overall, our results constitute a major improvement in the field of sustainable emitters for LECs, 
giving important guidelines about both device architecture and emitter optimization. Both aspects 



















6. Conclusiones y prospectivas futuras 
 
En la sección 3.1, se han analizado los Cu-iTMCs y Ag-iTMCs como alternativas prometedoras y 
sostenibles a los Ir-iTMCs. 
En particular, nos hemos centrado en i) la geometría de coordinación del complejo (p. Ej., Tri- o 
tetracoordinación), ii) conjuntos de ligandos que racionalizan la funcionalización de los ligandos 
N^N y P^P, y iii) los contraiones (7·X), para obtener un color de emisión que abarque todo el 
rango visible junto con estabilidades mejoradas. Las mejoras obtenidas usando nuevos ligandos 
N^N (2,3) y P^P (4–6) en comparación con los ligandos de referencia se apoyaron analizando las 
propiedades fotofísicas (Φ, estabilidad térmica, geometría de coordinación del complejo en estados 
fundamental y excitado) y el rendimiento de los dispositivos. Estos últimos fueron investigados en 
primer lugar con una arquitectura de una sola capa, alcanzando estabilidades moderadas. Esto se 
atribuyó al proceso irreversible de oxidación (4–6) o reducción (7·X), como se corroboró usando 
voltametría cíclica (1–6), espectroelectroquímica (1) y voltametría de onda cuadrada (4–6). Por 
tanto, propusimos una estrategia única basada en el desacoplamiento del transporte de huecos y 
electrones de la recombinación usando una arquitectura multicapa (1–3, 7·X) y un estrategia 
anfitrión:huésped (1,6). En el caso de los Cu-iTMCs, el proceso de oxidación fue asistido usando 
CBP como transportador de huecos, mientras que los Ag-iTMCs requerían una estrategia opuesta, 
es decir, el empleo de un transportador de electrones (PBD) para evitar el proceso de reducción en 
el emisor. Se lograron mejorar las estabilidades en un factor de 8, 10 y 9 para los Cu-iTMCs 
emisores azules, amarillos y rojos, respectivamente. Esta mejora fue aún mucho más superior ( ~ 
104 veces) para los Ag-iTMCs emisores verdes en comparación con los dispositivos de referencia 
de una sola capa. Mientras que 1 también presentó una mejora de 8 veces en luminancia y 
eficiencia, 2–6 mostraron mejoras comparables. Finalmente, se usó el Cu-iTMC emisor rojo más 
prometedor (6) para construir los primeros LEC blancos basados en Cu-iTMCs, mientras que la 
interacción de 7·X con la capa de PDB dio lugar a una emisión de tipo exciplex con una 
electroluminiscencia blanquecina. 
Aunque estos resultados son alentadores, todavía hay varios problemas que deberán abordarse en 
el futuro. Primero, las estabilidades de Cu-iTMCs, en general, y de Cu-iTMCs emisores de azul, 




iTMCs. Además, aún no se ha publicado LECs azules oscuros con Cu-iTMCs. Finalmente, las 
eficiencias máximas alcanzadas por los LECs de Cu-iTMCs (5.2 cd / A) todavía están por detrás 
aquellos basados en Ir-iTMCs (60 cd / A). En este contexto, un estudio en profundidad sobre el 
impacto del mecanismo de emisión de TADF durante el funcionamiento del dispositivo podrías 
ser crucial para entender las limitaciones en eficiencia de los LECs con Cu-iTMCs. 
Con respecto a los Ag-iTMCs, el campo aún está en su infancia. Por tanto, el diseño y 
caracterización de nuevos Ag-iTMCs es muy atractivo. Sin embargo, se deben implementar formas 
eficientes para evitar el impacto de la reducción irreversible en las prestaciones de los dispositivos. 
Se pueden obtener resultados positivos, por ejemplo, probando otros transportadores de electrones. 
Otra solución sería sintetizar Ag-iTMCs que sean más robustos frente al proceso de reducción. 
En la sección 3.2, se han seleccionado diferentes tipos de nanografenos como prometedores 
candidatos para LECs. Como primera conclusión, los dispositivos hechos con 8–10 mostraron 
excelentes desempeños en comparación con el estado del arte de los SMs-LECs. En particular, 
dispositivos con 8 logró un buen balance mostrando una alta luminancia (343 cd/m2) junto con una 
buena estabilidad (3 h). Dispositivos con 9 mostraron luminancia de 50-70 cd/m2 y eficacia de 2-
3 cd/A, que se encuentran entre las más altas reportadas para SMs-LEC. Finalmente, dispositivos 
con 10 mostraron simultáneamente altas irradiancias (>200 μW/cm2) y estabilidades (>200 h). 
Mientras que una con una optimización posterior se alcanzaron estabilidades récord de 3,600 h 
(medida) y 13,000 h (extrapolada) con una irradiancia moderada de 31 μW/cm2. Como hallazgos 
interesantes, cada uno de estos emisores exhibió comportamientos particulares de 
electroluminiscencia relacionados con la temperatura y campo eléctrico que experimentan los 
dispositivos en funcionamiento. En detalle, dispositivos con 8 mostraron cambios de color de 
electroluminiscencia que se atribuyeron al rápido aumento de la temperatura al encender el 
dispositivo. Esto nos proporcionó una herramienta útil para estudiar el impacto del 
autocalentamiento en la cromaticidad y el rendimiento de los dispositivos; por ejemplo, el EQE de 
un dispositivo se puede sobreestimar en un factor de 1/3 si no se tiene en cuenta el aumento de 
temperatura. Otro interesante ejemplo son los dispositivos con 9, un emisor azul en capas delgadas 
y solución, que mostraron una emisión blanca estable independientemente de la arquitectura del 
dispositivo, las condiciones de conducción y la composición de la capa activa. Este fenómeno se 




temperatura y campo eléctrico.  Finalmente, 10 exhibió un cambio en la cromaticidad debido a la 
interacción entre los modos vibracionales excitados de alta y baja energía. Estos cambios de 
intensidad se correlacionaron muy bien con los cambios del campo eléctrico interno del 
dispositivo. 
En el futuro, se deben realizar más esfuerzos para combinar mejores estabilidades y luminancias. 
A pesar de la mejora en comparación con el estado del arte, no son comparables con LECs basados 
en emisores tradicionales. Una posible estrategia sería el empleo de moléculas cargadas, que no 
necesitan una matriz de electrolitos, o del uso de una matriz de electrolitos más adecuada. Además, 
nuevas investigaciones en SMs con TADF en LECs que utilizan un enfoque anfitrión:huésped 
podría conducir a mejoras interesantes como ha demostrado recientemente el grupo del Prof. 
Edman.  
Finalmente, la investigación sobre LEC blancos basados en SMs con sistemas anfitrión-huésped o 
en emisores que muestran una emisión multicomponente no se ha explorado necesitándose más 
esfuerzos en el futuro. 
En general, nuestros resultados constituyen una mejora importante en el campo de nuevos emisores 
sostenibles para LECs, dando pautas importantes sobre la arquitectura del dispositivo y la 
optimización del diseño de los emisores. Ambos aspectos son clave para preparar el camino hacia 
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Figure S1. Thermal pictures of LECs based on Ir-iTMCs (left, maximum temperature reached: 
39.7 °C; ITO/PEDOT:PSS(70 nm)/[Ir(ppy)(tbbpy)]PF6(100 nm)/Al), with ppy: phenylpyridine, 
tbbpy:tert-butyl pyridine,  small molecules (center, maximum temperature reached 50 °C; 
ITO/PEDOT:PSS(70 nm)/hexa-peri-hexa-benzoborazinocoronene (70 nm)/Al), and Cu-iTMCs 
(right, maximum temperature reached 45.6 °C; ; ITO/PEDOT:PSS(70 nm)/[Cu(bpy)(POP)]PF6 




Figure S2. UV-Vis absorption spectrum in CH2Cl2 (black) and emission spectrum (λexc=355 nm) 









Figure S3. Simplified circuit model with only electrical resistance (RLEC) and geometrical 
capacitance (CPEgeo) used for static EIS assays. An external resistor (Rext) and inductor elements 










Figure S4. Nyquist plots of fresh (top), used at 25 mA (middle), and heated at 60°C (bottom) 1-











Figure S6. ϕ/ϕrt of 1-films upon increasing temperature. The red line displays the fitting, which 













Table S1.  values measured at different temperatures (λexc=405 nm). 
 
Temperature τx  
 
 at 486 nm 
[ns] 
 at 600 nm 
[ns] 
Ax   at 486 nm 
 
 at 600 nm 
 
 
          rt 
τ1 8.6 7.39 A1 7591 10069 
τ2 3.3 0.71 A2 3120 -5011 
τ3 17.3 16.0 A3 1505 2449 




τ1 8.8 8.25 A1 6007 10499 
τ2 3.7 1.00 A2 2654 -4768 
τ3 17.5 17.3 A3 1085 2303 




τ1 9.0 8.4 A1 5955 10448 
τ2 3.9 1.2 A2 2846 -3982 
τ3 17.0 16.5 A3 990 2341 




τ1 8.4 8.8 A1 6261 10570 
τ2 3.3 1.4 A2 2603 -2966 
τ3 15.3 16.6 A3 1154 1882 




τ1 7.29 8.8 A1 6066 11963 
τ2 2.6 1.4 A2 2023 -3843 
τ3 13.0 18.0 A3 1472 972 
<τ> 7.1 12.9 - - - 
 
 




Equation Y=a*exp(x/t)+ b 
































Table S5. Models and parameters employed to describe the % error ((ηnc-ηc)/ηnc) × 100 (right) at 
different device temperatures. 
 
Model ExpGrowth1 
Equation Y=a*exp(x/t)+ b 






















Table S6. Experimental and theoretical EQE-related figures-of-merit of 1-LECs driven at pulsed 
current and constant voltage. 
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